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I feel highly honored and privileged to write this 
editorial at such a remarkable moment in time for 
the world’s premier karst and cave science outlet, the 
International Journal of Speleology (IJS).
Since 1978, IJS represents the “voice” of the 
International Union of Speleology.  The first chief 
editorial mandate was attributed to Prof. G. Claus 
at Florida State University in Tallahassee.  By 
coincidence, after 50 years - time in which many 
great editors led IJS - the Editor-in-Chief is once 
again affiliated with a state university in Florida.  The 
first volume of IJS came out in October 30, 1964, 
and included 19 articles mainly covering cave biology 
topics.  These papers were written by authors from 
around the world, emphasizing IJS’s international 
coverage from the very first issue in all aspects, i.e., 
location of research, authorship, and readership. 
The journal policy in those early years was to include 
papers related to all research fields involving cave and 
karst science.  It soon grew clear to those handling 
IJS that because of the diversity of topics submitted 
to the journal, grouping biospeleology and physical 
speleology papers in different issues became a 
necessity.  For several decades, the editorial board 
struggled to maintain a reasonable balance between 
these two main fields, publishing 2 to 4 issues per 
year.  Although attention to this balance has been 
given throughout the past fifty years, there were 
times when one or the other topic prevailed.  Over the 
last two decades, a number of other journals made 
their way to the top of the karst-publication pyramid. 
Most of them are now publishing a mixture of papers 
reporting results from all karst fields, as does IJS, 
reinstating the initial policy of accepting all but strictly 
I
50th Anniversary Editorial
cave scientific community, but also to the journal 
itself as it will gain further recognition among other 
Earth Sciences journals.
IJS will try to keep current and bring its readers 
as many “hot” topic papers as possible.  To do so, 
apart from regular Research Articles, we invite Review 
Articles and encourage contributors to submit short, 
highly original and significant papers for speedy 
dissemination as Rapid Communication articles.  To 
maintain the high quality of IJS, the first objective 
must be to retain a strong flow of extensive papers 
on groundbreaking theoretical and applied topics 
or case studies of karst research.  In addition, IJS 
supports the publication of thematic Special Issues 
on significant topics in emerging areas or on key 
cave and karst sites.  This is an efficient way of 
disseminating the major research communicated 
during scientific meetings.  The individual papers are 
peer-reviewed and published as soon as available in 
regular issues, but then labelled as part of the special 
issue and linked electronically.
Technology has greatly changed the field of karst/
cave exploration and research.  Like other fields in the 
earth sciences, over the last decades karst science has 
experienced rapid growth resulting from fast-paced and 
revolutionary advances of analytical facilities.  Recent 
developments in a suite of techniques (e.g., X-ray powder 
or single-crystal diffraction, inductively coupled plasma-
mass spectrometry, electron microprobe, scanning 
electron microscopy, stable isotopes, LIDAR, DNA 
sequencing, etc.) give karst scientists unprecedented 
opportunities to advance the understanding of caves 
as physical, chemical, and biological environments. 
This translates into more exciting new discoveries 
biospeleological studies, which have 
now their own dedicated journal.
The number of papers submitted 
fluctuated greatly over the IJS’s 
lifetime.  If we examine the last 
decade in the figure below, we notice 
this trend as well.  Over the last 6 
years, the number of submissions 
increased continuously, with a 
significant jump since 2011 when the 
online submission was implemented 
as part of the open access platform 
sponsored by the University of 
South Florida Libraries.  It is always 
unpleasant to reject a paper behind 
which authors packed a significant 
amount of work, but as Editor, I 
strive to keep the science in each and 
every article published in IJS at the 
highest level possible.  Currently, 
the acceptance rate is 62.7%.  In 
long run, this approach should be of 
benefit, especially to the karst and 
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forefront of publishing research papers of the highest 
caliber and impact in the field of karst science.  A 
critical factor shaping the quality of papers published 
in IJS remains the capable work of our editorial board 
and our reviewers.  I would like to thank everyone who 
contributed their time and expertise over the past 50 
years to help make IJS the journal it is today.  So, 
Happy Birthday to IJS at its 50th anniversary and I look 
forward to the next 50 years, or at least part of them.
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being communicated to scientists and cavers via karst-
dedicated  journals and other publications.
Making intelligent predictions on what one should 
expect (in terms of science) for the next fifty years is 
nearly impossible in this complex and highly diverse 
field of karst research.  As we enter the second half 
century of IJS, I expect a continuing growth of high 
quality papers, with many studies directed towards 
under-investigated cave deposits, karst features, 
cave microorganisms, as well as other various cave 
processes and products.  It is my hope that the 
International Journal of Speleology will remain at the 
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abundance and diversity of organisms (Holsinger, 
1998) and the abiotic conditions at the deeper parts of 
the caves are generally more stable. In the absence of 
light and primary producers, cave habitats are generally 
extremely oligotrophic, receiving poor supplies of 
degradable organic matter. They rely almost exclusively 
on organic matter from surface habitats (Poulson & 
Lavoie, 2000). Primary source of energy is generally 
decaying organic matter deriving from plants, guano 
and carrion (Braack, 1989), whose bioavailability is 
largely dependent on its chemical properties and on 
environmental physical factors, such as temperature 
and light (Smith & Benner, 2005).
THE SUBTERRANEAN ENVIRONMENT
Natural sciences (from Earth to biological sciences), 
medical sciences, engineering and the cultural history 
of mankind find in caves an imaginary crossroad, 
where different disciplines meet enhancing our 
understanding of the history of our planet. Research 
into the biology of caves is not only a matter of 
exploring unique and extreme ecosystems, but is also 
fundamental to our understanding of the delicate 
ecological balances on Earth (Lee et al., 2012). 
When compared with surface ecosystems, 
subterranean environments often have a low 
In scarcity of light and primary producers, subterranean ecosystems are generally extremely 
oligotrophic habitats, receiving poor supplies of degradable organic matter from the surface. 
Human direct impacts on cave ecosystems mainly derive from intensive tourism and 
recreational caving, causing important alterations to the whole subterranean environment. 
In particular, artificial lighting systems in show caves support the growth of autotrophic 
organisms (the so-called lampenflora), mainly composed of cyanobacteria, diatoms, 
chlorophytes, mosses and ferns producing exocellular polymeric substances (EPSs) made of 
polysaccharides, proteins, lipids and nucleic acids. This anionic EPSs matrix mediates to the 
intercellular communications and participates to the chemical exchanges with the substratum, 
inducing the adsorption of cations and dissolved organic molecules from the cave formations 
(speleothems). Coupled with the metabolic activities of heterotrophic microorganisms 
colonising such layer (biofilm), this phenomenon may lead to the corrosion of the mineral 
surfaces. In this review, we investigate the formation of biofilms, especially of diatom-
dominated ones, as a consequence of artificial lighting and its impacts on speleothems. 
Whenever light reaches the subterranean habitat (both artificially and naturally) a relative high 
number of species of diatoms may indeed colonise it. Cave entrances, artificially illuminated 
walls and speleothems inside the cave are generally the preferred substrates. This review 
focuses on the diatom flora colonising subterranean habitats, summarizing the information 
contained in all the scientific papers published from 1900 up to date. In this review we provide 
a complete checklist of the diatom taxa recorded in subterranean habitats, including a total 
of 363 taxa, belonging to 82 genera. The most frequent and abundant species recorded in 
caves and other low light subterranean habitats are generally aerophilic and cosmopolitan. 
These are, in order of frequency: Hantzschia amphioxys, Diadesmis contenta, Orthoseira 
roeseana, Luticola nivalis, Pinnularia borealis, Diadesmis biceps and Luticola mutica. Due 
to the peculiarity of the subterranean habitats, the record of rare or new species is relatively 
common. The most important environmental factors driving species composition and 
morphological modifications observed in subterranean populations are analysed throughout 
the text and tables. In addition, suggestions to prevent and remove the corrosive biofilms in 
view of an environmentally sustainable cave management are discussed.
artificial lighting; Bacillariophyceae; cave; corrosion; lampenflora
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given to conservation and practices adopted for 
cave visiting often resulted in irreversible damages 
caused by visitors, mostly in terms of lint, litter, 
increased carbon dioxide from exhaled breath and 
increased temperature levels due to human body 
heat. 
Moreover, artificial lighting in relation to touristic 
exploitation of show caves (i.e. caves made accessible 
to general public) is sufficient to support the growth 
of various phototrophs that would otherwise not 
be able to survive. The so-called lampenflora is 
a complex of autotrophic organisms colonising 
illuminated cave walls leading to the formation of 
green-brown patinas (Jones, 1965; Grilli Caiola 
et al., 1987; Hoffmann, 1989; Bertolani & Cigna, 
1993; Passauer, 1996; Compagnone et al., 1999; 
Hoffmann & Darienko, 2005; Bruno et al., 2006, 
2009; Lamprinou et al., 2011). The term lampenflora 
- used for the first time by Dobat (1963) to describe 
the proliferation of phototrophic organisms near 
artificial light sources - is an originally German 
term used in the English vocabulary. Lamp flora in 
English or maladie verte in French are sometimes 
used as synonyms (Mulec, 2012).
The formation of lampenflora is an important and 
well-studied phenomenon usually driven by light 
intensity and quality as well as light time schedule 
(Rajczy et al., 1984; Roldán & Hernández-Mariné, 
2009) of the artificial illumination system. Photon 
flux density can reach high values but the peaks of 
the light spectra can be reduced at some wavelength 
(Albertano, 1993). In show caves, in particular, the 
photosynthetically active radiation (PAR) is the 
limiting factor for autotrophic organisms and the 
key factor determining the formation of autotrophic 
(i.e. eukaryotic algae and cyanobacteria) or 
heterotrophic (i.e. fungi and bacteria) biofilms 
(Roldán & Hernández-Mariné, 2009). Among 
eukaryotic microalgae, the most important groups 
are Chlorophyceae and Bacillariophyceae (diatoms), 
of which little is known in comparison to the number 
of studies carried out on those that live in aquatic 
environments such as rivers, lakes and oceans.
This review synthesises literature data on diatoms 
colonising subterranean habitats, especially caves 
but also other underground environments that 
have been studied for their historical and cultural 
significance. In this regard, the term “subterranean 
habitats” is also used when referring to subterranean 
sites other than caves (either artificial or natural), 
such as catacombs, mines and ice caves (i.e. 
caves that contain seasonal and/or perennial ice; 
Balch, 1900). We analysed more than 190 articles 
published from 1900 to date encompassing the 
algal flora of more than 140 subterranean sites; 
within them, we particularly focused on papers 
concerning diatom flora. In addition to the floristic 
data, we analysed the main environmental factors 
reported as affecting the species distribution, 
including artificial lighting in show caves. With this 
regard, the main environmental issues related to the 
formation of autotrophic biofilms on speleothems 
are presented.
A few species of bacteria, fungi and protozoa rely 
on other sources of energy, including inorganic 
compounds of sulphur, ammonium and ferrous 
iron. Because of their long isolation from the 
surface and because of the scarcity of nutrients, 
some subterranean microbes appear to have 
evolved the capacity of producing specialized 
chemical compounds, or toxins, with which to fend 
off competing microbes. This is the case of a group 
of chemolitotrophic bacteria discovered by Haak et 
al. (2002) in the deepest part of the Mammoth Cave 
(Kentucky, USA), which produce a compound with 
a supposed anti-cancer activity. 
All kinds of life forms (i.e. viruses, bacteria, 
fungi, algae, protozoa, plants, animals) have been 
found in a range of different types of subterranean 
habitats, especially within caves, in pools, on rocks, 
in springs, on cave walls or even dispersed in the 
air (Culver & Pipan, 2009; Romero, 2009). Cave 
biological communities are generally characterized 
by a co-presence of resident and non-resident 
organisms (accidentals) (Culver & Pipan, 2009). 
Accidentals enter caves occasionally via water, 
sediments, wind or air, as spores, or can even be 
carried in by animals, including men.
Depending on their actions and length of stay in 
the cave, accidentals may have dramatic effects 
on the resident “true” troglobiont populations 
and, in the worst-case scenario, they may even 
displace the original populations and communities 
(Saiz-Jimenez, 2010). However, as soon as any 
subterranean habitat is disclosed and connected 
with the surface environment, the ecosystem 
becomes subjected to an unaccustomed and 
relatively large input of organic matter, or may be 
impacted by invading communities coming from 
the surface (Lee et al., 2012). 
The potential human impacts on subterranean 
ecosystems can be broadly divided into external 
and internal ones (Gunn et al., 2000). External 
impacts such as pollution or quarrying usually pose 
serious problems, potentially altering sediment 
loads, subsurface hydrology and both clastic 
(sediment) and chemical water quality (Watson 
et al., 1997). Internal impacts mainly derive from 
recreational caving and intensive uncontrolled 
tourism, resulting from inappropriate lighting 
and the presence of visitors, causing changes in 
the relative humidity, temperature and carbon 
dioxide concentration in air, as well as alterations 
of the optimal living conditions of the subterranean 
biological communities. All these effects would 
bring about a gradual decline of the environmental 
quality, favouring the degradation of cave art, 
biodiversity (Mann et al., 2002) and speleothems 
(Baker & Genty, 1998). A speleothem is defined 
as a secondary mineral deposit formed in a cave 
(i.e. stalactites, stalagmites, flowstones, stone 
waterfalls and pillars) (Moore, 1952).
However, the strongest disturbance recorded so 
far has been by commercial cave mass tourism, 
which began during the second half of the 19th 
century. At that time, minimal consideration was 
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highlighted by many authors (e.g. Cañaveras et al., 
2001; Hoffmann, 2002). This is mainly a consequence 
of CO2 uptake and CaCO3 dissolution. Moreover, 
respiration processes and the consequent production 
of carbonic acid lead to the corrosion of cave 
formations, with irreversible consequences (Smith & 
Olson, 2007). Microbial groups forming biofilms on 
cave walls can have both a constructive and destructive 
role on lithic surface. EPSs favour the trapping and 
binding of detrital grains, the precipitation of calcite 
and contribute to cave biogenesis (Riding, 2000). 
Cheeptham (2013) suggests that biofilms contribute 
to the genesis of different kinds of speleothems, 
such as stalactites, stalagmites, pool fingers, cave 
pisoliths and moonmilk. Some diatoms, such as 
Melosira (Kashima et al., 1987), Aulacoseira, Neidium, 
Odontidium, Sellaphora, Stephanodiscus, and 
Synedra (Vidal Romaní et al., 2010) are known to be 
part of coralloid speleothems in non-calcareous caves 
or in travertines (Pentecost, 1998). The formation of 
these elements, indeed, can be triggered, directly or 
indirectly, by diatom activities (Kashima et al., 1987). 
Microbes can become part of the speleothems through 
calcification and precipitation processes of minerals 
on their external surface. Moreover, the biological 
origin of several speleothems has been recently 
hypothesised: microorganisms living in crevices 
can be considered part of their structure acting as 
sedimentary traps for the mobilised materials (Vidal 
Romaní et al., 2010). The microbial processes in 
caves often involve redox reactions (Sasowsky & 
Palmer, 1994; Barton & Northup, 2007) that modify 
microenvironmental conditions. Growth of photo- and 
hetero- trophic organisms can have a synergic effect in 
the speleothems deterioration. Indeed, organic matter 
produced by autotrophs is necessary for fungi and 
bacteria to produce acid organic compounds which 
solubilise the minerals of the substratum. Precipitation 
of mineral particles on sheaths can shift strains from 
epilithic to endolithic colonization (Asencio & Aboal, 
2001). The same phenomenon has been observed 
after the exposure to high light intensities. This may 
change the mineral structure of the rock determining 
its decay. Erosional processes by microbial activity 
induce the breakdown of rock substrate, recycling 
essential nutrients, such as carbon, nitrogen, sulfur 
and phosphorus. In subterranean environments, a 
variety of precipitation and dissolution processes may 
occur. Bacteria produce enzymes, organic and mineral 
acids (such as sulfidric acid) inducing corrosion or 
dissolution of mineral surfaces (Northup & Lavoie, 
2001). The cyanobacterial sheaths play an important 
role in the rock breakdown because they can absorb 
and release large quantities of water, thus changing 
the mineral structure of the rock, with subsequent 
destruction, weathering and increased porosity.
The EPSs produced by the biofilm can be negatively 
charged (due to uronic acids and sulphated groups) 
inducing the adsorption of cations and dissolved 
organic molecules from the mineral surface 
(Hoffmann, 2002; Albertano et al., 2003). This 
phenomenon coupled with the metabolic activities 
of microorganisms colonising the layer leads to 
BIOFILM FORMATION AND ITS IMPACT ON 
SPELEOTHEMS
Whenever sufficient light is available, phototrophic 
organisms are able to colonise almost any kind 
of substrate. As little as 1 μmol photon m-2 s-1 
may already be sufficient to support their growth 
(Grobbelaar, 2000). 
In illuminated subterranean habitats, 
cyanobacteria, diatoms and chlorophytes generally 
colonise illuminated walls in form of biofilms causing 
aesthetic, physical and chemical damages (Albertano 
et al., 2003). Usually epilithic cyanobacteria and 
chlorophytes are the first colonizers (Albertano, 1993) 
and cyanobacteria play a key role in the genesis 
of biofilms, being able to produce exopolymeric 
substances (EPSs) that allow the adhesion to rocks 
and the consequent establishment of a microbial 
community (Stal, 2000). Thanks to EPSs the cells 
stick to the walls and incorporate inorganic matter, 
bacteria and airborne particles (Albertano et al., 2003). 
As a consequence they provide a thin and sticky layer 
rich in nutrients that retains humidity and stabilizes 
the biofilm (Albertano, 1993). EPSs (polysaccharides, 
proteins, lipids and nucleic acids) promote ion 
absorption and regulate calcification processes and 
are generally produced against desiccation, toxic 
substances and UV radiation (Bellezza et al., 2003, 
2006; Albertano et al., 2005). The anionic EPSs matrix 
mediates to the intercellular communications and 
participates to the substrata exchange (Hoffmann, 
2002). The structure of the biofilm is generally related 
to the availability of light: close to the cave opening it is 
usually characterized by a series of thick layers, with 
diatoms on top. Thickness decreases proportionally 
with the light decrease and its structure becomes 
patchy (Hernández-Mariné et al., 2003; Roldán et al., 
2004; Roldán & Hernández-Mariné, 2009; Zammit 
et al., 2011). In the Puigmoltó sinkhole (Spain) 
Hernández-Mariné et al. (2001) noticed that the 
biofilm covering cave walls appeared patchy and lax as 
far as light intensity decreased; in the same way, also 
biodiversity decreased and community composition 
shifted towards highly specialized organisms. 
The first visible damage caused by biofilms on 
speleothems is aesthetical (e.g. stone waterfalls); algae 
are extremely successful in colonising illuminated 
areas and discolour speleothems, giving them a dirty 
and unsightly appearance. Similarly, biofilms cause 
serious damages to cave paintings. A well-known case 
of damage is caused by Bracteacoccus minor (Chodat) 
J. Petrová, a green alga growing on the prehistoric wall 
paintings of the world famous Lascaux Cave, France 
(Lee et al., 2012). Also in Tito Bustillo Cave (Spain), the 
green colour of speleothems near the lighting lamps is 
remarkable. There, the dominant microbial community 
is composed of calcifying cyanobacteria that are able to 
precipitate calcium carbonate in the external sheath 
(Ariño et al., 1997). Moreover, algae and mosses are 
associated in contributing to the damage.
Secondly, the growth of biofilm leads to structural 
damages (chemical alteration like dissolution 
and mechanical breakdown) of the substrate, as 
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an important role in the cave colonization. Fissures 
among rocks (Kol, 1957; Dobàt, 1970) as well as 
hypogean streams (Kawecka, 1989) may substantially 
contribute to the process of colonization. Species 
entering the cave via water are generally adapted to 
oligotrophic conditions. 
Diatom diversity is generally related to the 
distance from the entrance. Liminar and subliminar 
zones of caves usually host the richest diatom 
communities, probably in relation to the influence of 
the external conditions and their daily and seasonal 
fluctuation (Hoffmann, 2002; Roldán et al., 2004; 
Mulec & Kosi, 2008; Mulec et al., 2008). At small 
scales, rock surfaces are so extremely structurally 
and morphologically heterogeneous, that diatom 
communities colonising nearby patches can be 
very different (Lowe et al., 2007; Lowe, 2011). In 
some cases, communities are astonishingly diverse 
(Rushforth et al., 1984). Accordingly Smith & Olson 
(2007) highlighted a remarkable trend toward site-
specificity, with more than 50% of the recorded taxa 
found at few sampling stations. Assemblages in 
subterranean environments can be very different, 
within the same cave, even from gallery to gallery 
(Darienko & Hoffmann, 2006) and the environmental 
features driving species composition and relative 
abundances within them are still not clear.
Changes in diatom composition and richness 
are related to light (Patrick, 1948) and humidity 
fluctuation, but it is not possible to exclude the 
role of substratum coherence and interspecific 
competition (Roldán et al., 2004). Light is important 
and can be related to cave community diversity: 
show caves, closed to public for a certain period (and 
consequently dark for several months), have lower 
taxa richness than those opened and illuminated all 
over the year (Dayner & Johansen, 1991). In general, 
wet and fully illuminated surfaces, with a significant 
presence of mosses are richer in diatoms than less 
illuminated and dry sites (St. Clair et al., 1981; 
Altieri et al., 1993). Even within the same cave and 
with a comparable illumination system, the greatest 
diatom diversity occurs at the moistest and most 
illuminated sections (St. Clair & Rushforth, 1976). 
Kawecka (1989) observed the presence of several 
diatom species colonising a stream flowing into a 
cave, through a light gradient. Despite a part of the 
river flows in complete darkness, the author was 
able to find living cells of Diatoma hyemalis (Lyngbye) 
Heiberg, Encyonema ventricosum (Kützing) Grunow 
in Schmidt et al. and Fragilaria arcus (Ehrenberg) 
Cleve. Kawecka (1989) did not provide information on 
the permanence of these cells inside the dark part of 
the cave and did not exclude the drift from upstream 
sites. In general, the darkest areas of a cave can 
be characterized by dead or senescent individuals 
(such as Diadesmis and Nitzschia species) (Roldán & 
Hernández-Mariné, 2009).
Beside the proximity of sites to the cave entrance, 
other authors observed the importance of the mineral 
availability on formation of lampenflora (St. Clair & 
Rushforth, 1976; St. Clair et al., 1981). Indeed, beside 
light and humidity, also the chemical composition of 
the corrosion of the mineral surfaces (Albertano & 
Bellezza, 2001). Calcium ions can be adsorbed from 
the rocks and precipitate in the EPS matrix as calcium 
carbonate. In the same way nitrogen and phosphorus 
can be taken up and stored in cells (Albertano et al., 
2003). Bacteria and fungi forming the biofilm produce 
acidic organic compounds as final products, leading 
to the corrosion of the colonised substrate (Albertano 
& Urzì, 1999). Value of pH increases as a consequence 
of photosynthetic activities, inducing a change in the 
solubility of the mineral substrate and leading to the 
corrosion of the surface (Albertano et al., 2000). 
ECOLOGY OF DIATOM ASSEMBLAGES IN 
SUBTERRANEAN ENVIRONMENTS
Human impacts altering the natural light 
gradient in subterranean ecosystems may have 
important repercussions on the composition of 
biotic communities inside the caves. In this context, 
lampenflora can be regarded as invasive (Mazina & 
Maximov, 2011). Tourists entering subterranean 
ecosystems are responsible of algae transportation 
(Grobbelaar, 2000; Mulec & Kosi, 2009; Norbäck 
Ivarsson et al., 2013), leading to unintentional 
biological pollution and favouring, at the same time, 
the colonization of bacteria and fungi (Albertano et al., 
2003). As a consequence, the alteration of the natural 
environmental conditions in show caves may also 
modify the diatom communities. Mulec & Kosi (2009) 
demonstrated that lampenflora does not grow at a very 
close distance from incandescent lights due to high 
temperature. Moreover, the artificial illumination also 
influences the water content of the substrate (substrate 
moisture) and air (relative humidity). Tourist presence 
leads to the increase of both temperature and CO2 
concentration inside the cave (Grobbelaar, 2000; 
Hoffmann, 2002), intensifying wall corrosion (Mulec 
& Kosi, 2009). Despite such peculiar conditions may 
allow the colonization of tropical species (Roldán & 
Hernández-Mariné, 2009), most of the diatom species 
found in subterranean systems are cosmopolitan 
(Roldán & Hernández-Mariné, 2009).
Diatoms are generally considered accidental 
organisms (trogloxenic  according to Couté & Chauveau, 
1994) that mainly enter the subterranean environment 
through air circulation. In natural conditions, the 
abundance of algae is closely dependent from light 
availability and their presence would be limited to the 
liminar and subliminar zones. Despite this, the algal 
“darkflora” raised interest in the scientific community 
starting from 1950, and it was proven that several 
algal strains were able to survive in total darkness 
conditions (Buczkó & Németh, 2009). The size of the 
cave has important effects on air circulation, and 
consequently on the diatom biodiversity at the deeper 
zones of the caves, if illuminated (Lauriol et al., 2006). 
Warm air, especially during summer, blows through 
the main entrance of the cave transporting diatoms 
from the surface. Diatoms generally deposit on cave 
speleothems consequently to air condensation on the 
walls (Kol, 1957; Dobàt, 1970; Lauriol et al., 1995, 
2006; Mulec & Kosi, 2009). Water circulation also plays 
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Mrozińska, 2009, 2011; Škaloud, 2009; Vinogradova 
& Mikhailyuk, 2009). Wall surface pH can influence 
diatom species composition: acid rocks usually host 
Eunotia or Pinnularia species (such as P. borealis), 
while Orthoseira roeseana (Rabenhorst) O’Meara is 
typical of alkaline substrates (Poulíčková & Hašler, 
2007). Mosses and ferns can hold populations of 
Diadesmis gallica and Orthoseira roeseana (Roldán 
& Hernández-Mariné, 2009), but also Hantzschia 
amphioxys, Luticola mutica and Pinnularia borealis 
are common as epiphytic diatoms (Poulíčková & 
Hašler, 2007).
It has been unpredictably observed that some 
planktonic species are frequently part of the diatom 
communities of the cave walls (Claus, 1955, 1962b; 
VanLandingham, 1965; Barr, 1968; St. Clair 
& Rushforth, 1976; Bahls, 1981; Lauriol et al., 
2006; Poulíčková & Hašler, 2007; Smith & Olson, 
2007; Abdullin, 2009, 2011; Buczkó & Németh, 
2009; Škaloud, 2009; Vidal Romaní et al., 2010). 
For instance, this is the case of Mammoth Cave 
(VanLandingham, 1965), in which the presence of 
planktonic species could be explained by the presence 
of an underground river flowing into the cave: its 
seasonal floods can favour the entrance of these 
forms that are able to colonise the walls after water 
subside. In some cases, several authors noticed the 
presence of rheophilous taxa, such as Hannaea arcus 
(Ehrenberg) R.M. Patrick (Claus, 1962b; Lauriol et 
al., 1995, 2006) or species that can be considered as 
invasive in streams such as Didymosphenia geminata 
(Lyngbye) M. Schmidt in Schmidt et al. (Lauriol et al., 
1995, 2006; Blanco & Ector, 2009).
Diatoms living in ice caves can show both epicryotic 
and endocryotic habitus, living respectively on the 
ice surface or inside ice water bubbles. Mineral salt 
content of the ice sustains diatom communities that 
are able to secrete extracellular polysaccharides 
protecting them from freezing (Lauriol et al., 2006). 
Škaloud (2009) investigated the peculiar 
subterranean system of ventaroles: cranny systems 
of massive rocks allowing permanent air circulation, 
resulting in the origin of summer ice holes and winter 
warm air exhalations. Ventaroles show a peculiar and 
rich algal community: concerning diatoms, the flora 
is composed of taxa commonly found in cave systems, 
also ice ones, and rivers (see Table 2 for details on 
composition) (Škaloud, 2009).
In Table 2 (available online at http://dx.doi.
org/10.5038/1827-806X.43.3.1) we report a complete 
checklist of the diatom taxa found in subterranean 
environments and published in literature.
The analysis of these data highlighted that the 
most frequent and abundant species recorded 
in subterranean ecosystems are (in order of 
frequency): Hantzschia amphioxys, Diadesmis 
contenta, Orthoseira roeseana, Luticola nivalis, 
Pinnularia borealis, Diadesmis biceps Arnott ex 
Grunow in Van Heurck, and Luticola mutica (see 
Figures 1-2 as example). They are often recorded 
syntopically, colonizing the same portion of the 
walls (Germain, 1935; St. Clair & Rushforth, 1976; 
Buczkó & Rajczy, 1989; Garbacki et al., 1999; 
the rock influences diatom community composition 
and diversity. pH also shapes the species composition 
of the communities: for instance, Diadesmis gallica W. 
Smith and D. laevissima (Cleve) D.G. Mann in Round, 
Crawford & Mann are linked to neutral-alkaline caves 
while Diadesmis contenta (Grunow ex Van Heurck) D.G. 
Mann in Round, Crawford & Mann and Eunotia exigua 
(Brébisson ex Kützing) Rabenhorst can be found in acid 
seeps (Poulíčková & Hašler, 2007). According to Selvi & 
Altuner (2007), in some caves low diatom biodiversity 
and density could be related to the lack of silica. Biofilm 
preferentially colonises calcite and gypsum substrata; 
microscopical features (e.g. roughness) of the walls 
play an important role (Zammit et al., 2011). Clean and 
smooth limestone resists to autotrophic colonization in 
a stronger way if compared to softer and heterogeneous 
clay surfaces (Rajczy, 1989; Rajczy & Buczkó, 1989). In 
general, algal colonizers prefer porous, light and soft 
substrata (Hernández-Mariné et al., 2001; Darienko & 
Hoffmann, 2006) probably because they provide higher 
moisture storage than compact ones (Aley, 2004).
Smith & Olson (2007) highlighted a general trend 
in the increase of algal biodiversity with the increase 
of temperature, while a positive correlation between 
community richness and moisture content, up to no 
diatoms on dry walls, has been noticed in some cases 
(Poulíčková & Hašler, 2007; Czerwik-Marcinkowska 
& Mrozińska, 2011). Trickling and moist sites can 
be easily colonised by Nitzschia sp. and Pinnularia 
borealis Ehrenberg (Czerwik-Marcinkowska & 
Mrozińska, 2009).
DIATOM ASSEMBLAGES IN SUBTERRANEAN 
ENVIRONMENTS: SPECIES COMPOSITION
Diatom communities in caves are mainly composed 
of euaerial and pseudoaerial taxa (see Johansen, 
1999 for a definition), generally characterized by 
small size, high resistance to desiccation, specific 
preferences for pH and tolerating low nutrient levels 
and high conductivity. Most of these taxa belong to 
the genus Navicula s.l. Cave walls generally host 
aerophilous diatom flora that can survive in low light 
conditions, e.g. troglophilic taxa (such as Hantzschia 
amphioxys and Luticola nivalis (Ehrenberg) D.G. Mann 
in Round, Crawford & Mann); no troglobiont diatom 
species (obligatory occupants of the subterranean 
habitats that could not live elsewhere) has ever been 
recorded (Hoffmann, 2002). The most abundant and 
frequent species can be considered as cosmopolitan 
and distributed worldwide in the same conditions. 
Obviously, exceptions occur. Table 1 (available online 
at http://dx.doi.org/10.5038/1827-806X.43.3.1) 
offers an overview of the cave ecosystems explored 
from 1900 up to date and interested by diatom flora 
colonization.
Aerial diatom species adapted to low nutrient levels 
and high conductivity (Luticola nivalis, L. mutica 
(Kützing) D.G. Mann in Round, Crawford & Mann) 
are typical of subterranean systems (Germain, 
1935; Bahls, 1981; Ariño et al., 1997; Lauriol et al., 
2006; Poulíčková & Hašler, 2007; Selvi & Altuner, 
2007; Mulec et al., 2008; Czerwik-Marcinkowska & 
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Hantzschia amphioxys (Ehrenberg) Grunow in 
Cleve & Grunow 1880
Basionym: Eunotia amphioxys Ehrenberg 1843
Hantzschia amphioxys is an aerophilous species 
(Germain, 1981); it is one of the most frequently 
recorded taxa on submerged bryophytes (Reichardt, 
1985; Van de Vijver & Beyens, 1997) and wet habitats, 
including soils and rock crevices (Garbacki et al., 
1999; Taylor et al., 2007). This species is commonly 
also found in dry habitats and temporary water pools. 
In rivers it is often sampled in critical hydrological 
conditions, such as recent droughts and initial 
Buczkó, 2003; Lauriol et al., 2006; Poulíčková & 
Hašler, 2007; Czerwik-Marcinkowska & Mrozińska, 
2009, 2011; Vinogradova & Mikhailyuk, 2009). 
All of these species are aerophilous and may be 
commonly recorded in soils (Petersen, 1928; Lund, 
1946; Bock, 1963; Ettl & Gärtner, 1995; Hahn & 
Neuhaus, 1997; Souffreau et al., 2010). From an 
ecological point of view they are generally euriecious 
and may proliferate in a variety of environmental 
conditions. 
A brief synopsis on the ecology and distribution of 
each of these species follows.
Fig. 1. SEM micrographs of common aerophytic diatoms. a-b) Hantzschia amphioxys, external view (a) and internal details of interrupted raphe 
and fibulae (b). c) Diadesmis contenta, external view. d-e) Orthoseira roeseana sensu lato, girdle view (d) and inner details of carinoportulae (e). f) 
Luticola mutica sensu lato. g-h) Pinnularia borealis, external view (g) and details of multiporoid striae (h).
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Ukraine, USA). Apart from caves H. amphioxys is also 
recorded in sinkholes (Hernández-Mariné et al., 2001; 
Buczkó, 2003) and in ice caves, where it dominates 
the communities collected on the iced floor and 
cryogenic calcite powders (Lauriol et al., 1995, 2006). 
The composition of the substrate does not seem to be 
a limiting factor for this species, that is found both 
in limestone and sandstone subterranean habitats 
(Darienko & Hoffmann, 2006; Selvi & Altuner, 2007).
Hantzschia amphioxys has been recorded in show 
caves with artificial lighting systems (St. Clair & 
Rushforth, 1976), both in naturally illuminated 
recolonization of the substrates (Pfister et al., 2009; 
Hofmann et al., 2011). It is considered cosmopolitan, 
α-mesosaprobous in freshwater habitats (Van Dam 
et al., 1994), occurring mainly in alkaline waters 
(Czerwik-Marcinkowska & Mrozińska, 2011). The 
morphology is highly variable and probably consists of 
different lineages (Souffreau et al., 2013). Hantzschia 
amphioxys has been recorded in 43% of the literature 
data analysed for this revision, showing a worldwide 
distribution (Belgium, Canada, Czech Republic, 
France, Germany, Hungary, Italy, Luxembourg, 
Poland, Russia, Slovakia, Spain, Turkey, UK, 
Fig. 2. SEM micrographs of common aerophytic diatoms. a) Diadesmis contenta, external view. b) Diadesmis brekkaensis, external view. c) 
Diadesmis perpusilla, external view. d-f) Diadesmis gallica. External valvar (d) and girdle view (e-f) of colony forming specimens. g) Fallacia 
insociabilis, external view. h) Luticola aff. ventricosa, external view.
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authors reported its presence in illuminated 
subterranean systems (Skuja, 1970; Bahls, 1981; 
Hoffmann & Darienko, 2005; Smith & Olson, 2007; 
Mazina & Maximov, 2011). In wild caves the species 
was found at dim light (Roldán et al., 2004; Taylor et 
al., 2007; Czerwik-Marcinkowska & Mrozinska, 2009; 
Hofmann et al., 2011; Mazina & Maximov, 2011). At 
very low light conditions, it occupies the upper layers 
of the biofilm (Hernández-Mariné et al., 2001). 
Diadesmis contenta is an euriecious species recorded 
in very different environmental conditions. Abdullin 
(2009) recorded it at the entrance of the Shulgan-Tash 
Cave (Southern Urals), exposed to daylight and to wide 
fluctuations of temperature and humidity through the 
seasons. In Thurston Lava Tube in Hawaii, this species 
was recorded near the tube entrance and exit, in areas 
illuminated by natural light. Diadesmis contenta was 
found both on wet walls and bryophytes (Rushforth et 
al., 1984; Roldán & Hernández-Mariné, 2009), being 
abundant on the lithic substrate and rare on the latter. 
During their research, the authors also investigated the 
middle portion of the lava tube (artificially illuminated 
by incandescent light) but the species was not recorded 
in these conditions (Rushforth et al., 1984). Again, in 
the Hawaii Islands, at the Haena wet Cave on Kaua’i, 
D. contenta was found close to the cave entrance, on 
a naturally illuminated wet wall, but not exposed to 
the direct sunlight. The internal part of the cave was 
probably washed over by ocean surges during the 
frequent hurricanes beating on the island (Main, 
2003). Diadesmis contenta was also recently detected 
on the wall at the Kungsträdgården metro station in 
Stockholm, Sweden (Norbäck Ivarsson et al., 2013).
Diadesmis contenta does not show preferences in 
terms of substrate composition, being present both 
on calcite (Skuja, 1970; Hernández-Mariné et al., 
2001; Selvi & Altuner, 2007; Norbäck Ivarsson et al., 
2013) and sandstone (Hoffmann & Darienko, 2005). 
Following Garbacki et al. (1999), D. contenta seems 
to survive in different environmental conditions both 
in terms of light and water availability. Accordingly, 
Germain (1935) and Abdullin (2009, 2011) detected 
D. contenta both on poring seepages and dry surfaces 
inside the same subterranean habitat and Czerwik-
Marcinkowska & Mrozińska (2011) found it both in 
high and low air humidity conditions. Despite this, 
air humidity and temperature shall be preferentially 
constant through the seasons. Diadesmis contenta 
was found in subterranean habitats characterized by a 
wide range of temperature and humidity (respectively 
8-14°C and 65-100%; Mazina & Maximov, 2011) 
among the seasons. Concerning pH, D. contenta seems 
to be able to colonize acid seepages as well (pH= 3.7-
6.0) (Poulíčková & Hašler, 2007).
Orthoseira roeseana (Rabenhorst) O’Meara 1875
Basionym: Melosira roeseana Rabenhorst 1852
Orthoseira roeseana is considered aerophilous 
(Krammer & Lange-Bertalot, 1991; Houk, 2003) and 
xerotic (Germain, 1981). It is commonly found on 
wet walls, moist stones and rocks, mosses and even 
on the wet banks of the riparian vegetation (Patrick, 
1977; Van Dam et al., 1994; Garbacki et al., 1999; 
sections, near the cave opening, and artificially 
illuminated ones (Bahls, 1981; Smith & Olson, 2007; 
Czerwik-Marcinkowska & Mrozińska, 2011; Mazina & 
Maximov, 2011). In wild caves, it has been recorded both 
in the liminar zone, close to the cave opening on very 
wet walls (Garbacki et al., 1999), but also in dim light or 
completely dark environments inside the caves, where 
the relative humidity of the air is sufficiently high (Palik, 
1966; Asencio & Aboal, 2000a, b; Hernández-Mariné 
et al., 2001; Buczkó & Németh, 2009), sometimes with 
abundant populations (Claus, 1955). Beside wet walls, 
Poulíčková & Hašler (2007) recorded H. amphioxys on 
mosses and in freshwater ecosystems inside the caves, 
such as lakes (Palik, 1966).
Diatoms living in subterranean ecosystems generally 
prefer very humid habitats and stable environmental 
conditions. For instance, H. amphioxys was abundant 
in subterranean habitats characterized by a wide 
range of temperature (8-14°C) and humidity (65-
100%) among the seasons (Mazina & Maximov, 2011). 
Despite this, H. amphioxys has also been found in 
non-artificially illuminated caves (La Serreta, Spain), 
characterized by large light intensity fluctuations 
(varying from 0.1 to 335 µE m-2s-1), air humidity 
(ranging from 27.1 to 81.4%) and temperature (from 
9.8 to 31.5°C) (Asencio & Aboal, 2000b). This is 
confirmed by the presence of H. amphioxys as part of 
the cenosis found at the entrance of the Shulgan-Tash 
Cave (Southern Urals), exposed to daylight and to wide 
fluctuations of temperature and humidity through 
the seasons (Abdullin, 2009, 2011). Hantzschia 
amphioxys does not seem to be particularly sensitive 
to pH, being recorded in caves whose seepage pH 
ranges from 5.6 to 8.5 (Poulíčková & Hašler, 2007) 
and on sandstone substrates, characterized by a 
lower pH in comparison to limestone (Darienko & 
Hoffmann, 2006).
Diadesmis contenta (Grunow ex Van Heurck) D.G. 
Mann in Round, Crawford & Mann 1990
Basionym: Navicula contenta Grunow ex Van 
Heurck 1885
Diadesmis contenta is an aerophilous species 
characterized by small cell dimensions (Van Dam 
et al., 1994; Hofmann et al., 2011). In freshwater 
habitats it shows preferences for circumneutral pH, 
low conductivity and nutrient content (Blanco et al., 
2010). It can be considered β-mesosaprobous (Van 
Dam et al., 1994), belonging to high profile guild 
(Passy, 2007), motile and able to produce colonies 
(Rimet & Bouchez, 2012). Data from this review 
show a world wide distribution in subterranean 
ecosystems, being found in 41% of the literature 
analysed. Apart from caves, several authors found D. 
contenta in sinkholes (Hernández-Mariné et al., 2001; 
Buczkó, 2003) and in ice caves, where it dominates 
the communities collected on the iced floor, cryogenic 
calcite powders and ice stalagmites (Lauriol et al., 
1995, 2006). Diadesmis contenta was also recorded 
in ventaroles, on different substrates, both on rocks 
and mosses (Škaloud, 2009). Hernández-Mariné 
et al. (2001) found this species in non-artificially 
illuminated subterranean ecosystems but several 
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preference in terms of pH, being found in limestone 
(Selvi & Altuner, 2007) and sandstone (Darienko & 
Hoffmann, 2006) subterranean habitats.
Pinnularia borealis Ehrenberg 1843
Pinnularia borealis is a cosmopolitan taxon, occurring 
in lentic and lotic systems from lowland rivers to 
mountain streams; this species and all its varieties 
(Hofmann et al., 2011) are typically aerophilous and 
epiphytic (Germain, 1936; Krammer & Lange-Bertalot, 
1986; Van de Vijver & Beyens, 1997; Garbacki et al., 
1999; Taylor et al., 2007; Czerwik-Marcinkowska & 
Mrozińska, 2011), often anemophilous (Krammer, 
2000). It is one of the most frequently recorded taxa 
on submerged bryophytes (Reichardt, 1985; Van de 
Vijver & Beyens, 1997). Pinnularia borealis is highly 
variable in terms of morphological features and 
probably consists of different lineages (Souffreau et 
al., 2013). In this review it was recorded in 22% of the 
analysed papers and in 12 countries (namely Belgium, 
Bulgaria, Canada, Czech Republic, Germany, 
Hungary, Luxembourg, Poland, Russia, Slovenia, 
Turkey and USA).
Rajczy et al. (1986) and Garbacki et al. (1999) found 
this species in wild caves, close to the main entrance 
on very wet walls, but Hoffmann & Darienko (2005) 
also recorded it in a show cave. Pinnularia borealis 
was also recorded in ice caves, where it dominates 
the communities collected on the iced floor and 
cryogenic calcite powders (Lauriol et al., 1995, 2006), 
in calcareous subterranean environments (Selvi 
& Altuner, 2007), but also on sandstone (Darienko 
& Hoffmann, 2006). It is also present in sinkholes 
(Buczkó, 2003). It does not show any particular 
environmental requirements in terms of humidity and 
substrate: it is possible to find it both in wet and dry 
air contitions (Czerwik-Marcinkowska & Mrozińska, 
2011), both on temporarily wet rocks (Reichardt, 
1985) and mosses (Poulíčková & Hašler, 2007 citing 
Reichardt, 1985).
Diadesmis biceps Arnott ex Grunow in Van 
Heurck 1880
Van Dam et al. (1994) classified Diadesmis biceps as 
β-mesosaprobous and alcaliphilous, with a preference 
for low conductivities. In our review, it was found 
in 19% of the analysed papers, corresponding to 9 
countries (Belgium, Canada, Hawaii, Hungary, Italy, 
Luxembourg, Slovenia, Ukraine and USA). 
This species has been frequently recorded on wet 
cave walls or mosses in springs (Garbacki et al., 
1999). Diadesmis biceps was found in illuminated 
areas of show caves (Skuja, 1970; Mulec et al., 2008), 
but also in the liminar zone of a wild cave (Rajczy et 
al., 1986; Mulec & Kosi, 2008; Mulec et al., 2008). 
Moreover Dayner & Johansen (1991) found it in 
the laminar zone of a show cave. Diadesmis biceps 
was also found in Thurston Lava Tube in Hawaii 
(Rushforth et al., 1984), near the main entrance and 
exit, in naturally illuminated areas. Diadesmis biceps 
was found both on wet walls and bryophytes (see also 
Dayner & Johansen, 1991). During this research, 
Rushforth et al. (1984) investigated also the middle 
Houk, 2003; Czerwik-Marcinkowska & Mrozińska, 
2011), in alkaline areas (Wehr & Sheath, 2003). This 
species has been recorded in 30% of the literature 
analysed (Austria, Belgium, Canada, Czech Republic, 
France, Germany, Hungary, Poland, Spain, Ukraine 
and USA).
In caves, Orthoseira roeseana is usually found in 
the liminar zone, exposed to natural light (Dobàt, 
1970; St Clair et al., 1981; Garbacki et al., 1999), but 
several authors found it on artificially illuminated 
walls (St. Clair & Rushforth, 1976; St Clair et al., 
1981; Roldán & Hernández-Mariné, 2009). This is also 
the case of Lewis and Clark caverns (Montana, USA), 
where O. roeseana is considered as autochthonous 
and non accidental or brought from the external 
(Lauriol et al., 2006). Orthoseira roeseana does not 
show selective preferences in terms of air humidity, 
being found in very different environments (Rajczy 
et al., 1986), including dry surfaces (Germain, 
1935). Indeed, O. roeseana seems to be adapted to 
really variable environments (high rate of natural 
ventilation, relatively low air humidity and wide 
range of temperature through the seasons; Roldán & 
Hernández-Mariné, 2009). This is confirmed by the 
presence of O. roeseana in ventaroles where it was 
recorded on different substrates, both rocks and 
mosses (Roldán & Hernández-Mariné, 2009; Škaloud, 
2009). Orthoseira roeseana was also found on a woody 
surface, close to the main entrance of a small wild ice 
cave in Hungary, where air temperature ranges from 
1 to 7.5°C (Kol, 1964). In ice caves where it dominates 
the communities, O. roeseana was collected on the 
iced floor and cryogenic calcite powders (Lauriol et al., 
1995, 2006). Buczkó (2003) and Roldán et al. (2004) 
recorded this species in sinkholes.
Luticola nivalis (Ehrenberg) D.G. Mann in Round, 
Crawford & Mann 1990
Basionym: Navicula nivalis Ehrenberg 1853
Luticola nivalis is commonly found in freshwater 
ecosystems (lowland rivers) and is able to tolerate 
high conductivity (Hofmann et al., 2011) and nutrient 
levels (Van Dam et al., 1994; Czerwik-Marcinkowska 
& Mrozińska, 2011). Luticola nivalis was cited in 
23% of the analysed literature and recorded in 11 
countries (Canada, Czech Republic, France, Hungary, 
Luxembourg, Poland, Russia, Spain, Turkey, Ukraine 
and USA). It has been frequently found on rock 
surfaces and mosses (Hofmann et al., 2011), often 
in association with O. roeseana (Germain, 1981). 
Nagy (1965) and Hofmann et al. (2011) considered 
it cryophilic. Luticola nivalis was found in touristic 
and artificially illuminated subterranean ecosystems 
(Nagy, 1965), but also in completely dark sites inside 
the cave (Buczkó & Németh, 2009). In ice caves it 
was abundantly found on ice stalagmites (Lauriol et 
al., 1995, 2006) and Buczkó (2003) found it also in 
sinkholes. Luticola nivalis is a halophilous species, 
therefore, the high conductivity of the seepages on 
cave walls (due to the high evaporation rate) does not 
represent a limiting factor for its growth (Poulíčková 
& Hašler, 2007). Luticola nivalis was also found on 
dry surfaces (Germain, 1935) and does not show any 
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Haena Wet Cave (North tip of Kaua’i, Hawaiian 
Islands). This new species presents highly silicified 
valves and a new structure (“prows”), pronounced 
pervalvar extensions of the mantle in correspondence 
of the poles (Main, 2003). Nowadays, D. haenaensis 
is the only described species belonging to the genus 
Diprora. Main (2003) recorded this species in the type 
locality, on a wet wall and ceiling not exposed to direct 
sunlight, inside the Haena Wet Cave. The species 
was dominant in the sample and it was associated 
with other aerophilous taxa typical of the Hawaiian 
Islands. Indeed, in this case, the communities 
colonising the cave wall in both sampling seasons, did 
not share many species with the typical assemblages 
from subterranean environments in Europe and 
America. Only Diadesmis contenta was recorded (not 
abundantly) in the Hawaiian community, while it is 
considered one of the key taxa of diatom cave flora 
in Europe. Diprora haenaensis was recently collected 
in Maniniholo Dry Cave (Kaua’i, Hawaiian Islands). 
Molecular analyses, based on nuclear (SSU rDNA) 
and chloroplast (rbcL, pbsC) genes, conducted on this 
population showed the close relation of this taxon 
with raphid diatoms. Despite this, no raphe system 
nor vestigial raphe has been detected in the whole 
sample (about 100,000 valves observed) (Kociolek et 
al., 2013). 
Recently, Taylor & Lange-Bertalot (2013) described 
Cholnokyella aerophila as new species and genus 
in South Africa. The species was recorded from a 
sandstone overhang at Bushman’s Cave (South Africa) 
and was associated with Nostoc spp. colonies. The 
peculiarities of the species are the cruciform outline 
of the valve (often asymmetrical), the structure and 
pattern of the areolae and a single chloroplast. The 
species usually forms short colonies. Cholnokyella 
aerophila is probably not strictly aerophilic, being 
also found in a river rising from a cave, 40 km far 
from the type locality. It seems to prefer alkaline seep 
waters and its growth seems not limited by light and 
humidity. Most of the ecological preferences of the 
species are, however, still unknown. The study of the 
Thurston Lava Tube in the Hawaii Volcanoes National 
Park provided the discovery of several new species, 
i.e. Navicula hawaiiensis J.R. Johansen in Rushforth, 
Kaczmarska & Johansen and Navicula thurstonensis 
Kaczmarska in Rushforth, Kaczmarska & Johansen 
(Rushforth et al., 1984). The first was recorded close to 
the lava tube entrance, on a wet wall at 1250 m a.s.l.. 
The latter, collected both on naturally and artificially 
illuminated sections, has been recently transferred to 
the genus Nupela as N. thurstonensis (Kaczmarska) 
Kulikovskiy et al. due to its raphe structure, long in 
both valves with proximal raphe ends characterized 
by very small punctiform central pores (Kulikovskiy et 
al., 2010). Diatom flora in lava tubes is quite constant 
over the years and seasons (Rushforth et al., 1984) 
and shows several affinities with the aerophilous 
and moss-dwelling communities found in Europe. 
Navicula hawaiiensis and N. thurstonensis are known 
from the only type locality. In 2013, two new species 
were described from a small pool located at the bottom 
of a lava tube in Île Amsterdam (TAAF, Southern 
portion of the lava tube (artificially illuminated by 
incandescent light) but the species was not recorded 
in these conditions. Despite this, artificial light seems 
not to be a limiting factor for D. biceps proliferation: at 
the Oregon Caves National Monument (Oregon) it was 
abundantly recorded in both naturally and artificially 
illuminated sections of the caves (St Clair et al., 
1981). Diadesmis biceps is very abundant and also 
spreads in the Timpanogos Cave National Monument 
(Utah), both close to the main entrance and along the 
artificially illuminated path (St. Clair & Rushforth, 
1976). Diadesmis biceps was also recorded in ice 
caves, where it shows a preference for ice stalagmites 
(Lauriol et al., 2006). Diadesmis biceps does not show 
selective preferences in terms of air humidity, being 
found in very different environments (Rajczy et al., 
1986), even dry ones (Dayner & Johansen, 1991). It 
does not show preferences in terms of substrate and 
it was found in caves composed of calcite, dolomitic 
limestone (Dayner & Johansen, 1991), but also on 
sandstone (Darienko & Hoffmann, 2006); considering 
this, it seems that D. biceps does not present particular 
preferences in terms of pH.
Luticola mutica (Kützing) D.G. Mann in Round, 
Crawford & Mann 1990
Basionym: Navicula mutica Kützing 1844
Luticola mutica is one of the most frequently recorded 
taxa on submerged bryophytes (Reichardt, 1985; Van 
de Vijver & Beyens, 1997); it is resistant to moderate-
high conductivity levels (Poulíčková & Hašler, 2007). 
In freshwater ecosystems, given its tolerance to high 
conductivity and nutrient levels, it is commonly found 
in lowland rivers (Van Dam et al., 1994; Czerwik-
Marcinkowska & Mrozińska, 2011). It was recorded 
in 14% of the literature analysed in this review and in 
9 countries (Canada, Czech Republic, France, Poland, 
Slovenia, Spain, Turkey, Ukraine and USA). 
It has been detected in touristic caves both on 
naturally illuminated walls close to the entrance and 
along the pathways in correspondence to artificial 
lights (St. Clair & Rushforth, 1976; Bahls, 1981). 
Mulec et al. (2008) report a record of the species along 
24/24h artificially illuminated pathways, in a lead 
and zinc mine. A few individuals were collected in a 
wild caves, in the dark zone (Claus, 1955). Luticola 
mutica can be detected both on wet rocks and mosses 
(Reichardt, 1985; Poulíčková & Hašler, 2007) and 
in ice caves (Lauriol et al., 2006). Luticola mutica is 
a halophilous species; as a consequence, the high 
conductivity of the seepages on cave walls (due to the 
high evaporation rate) does not represent a limiting 
factor for its growth (Poulíčková & Hašler, 2007). 
Luticola mutica was also recorded in ventaroles, on 
rocks and mosses (Škaloud, 2009).
NEW AND RARE SPECIES
Due to the peculiarity of the subterranean 
environment, the record of rare or new species 
is relatively common. This is the case of Diprora 
haenaensis Main described as new genus and new 
species in 2003, and detected for the first time in 
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frequent in the cave, closely related to Cavinula 
lacustris (Gregory) D.G. Mann & Stickle in Round, 
Crawford & Mann, Navicula vula J.R. Carter, similar 
to Kobayasiella jaagii (F. Meister) Lange-Bertalot, 
but with different central area and terminal fissures, 
and Nitzschia disputata J.R. Carter, belonging to 
the section Grunowiae. After 1971, C. borealis was 
collected in salt marsh deposits recovered from a field 
site near Sisimiut (West Greenland; Long et al., 2010) 
and on dried macrophytes preserved in an herbarium 
and collected from the artificial lake Kraenepoe 
(Belgium), between 1853 and 1983 (Denys, 2009). 
Navicula vula was also recorded in sediment samples 
from the bottom layer and fine detrital gyttja collected 
from a tarn at Røyrtjønn (Lista peninsula; Norway 
- Prøsch-Danielsen, 1997); again it was recorded in 
December 2004 in phytoplankton samples collected 
from the East China Sea, in proximity of the Jeju 
Island (Affan & Lee, 2004). These records lead 
us to conclude that N. vula species is not strictly 
aerophilous and can inhabit both fresh and brackish 
waters. Moreover, Nitzschia disputata was also 
recorded in several surface ecosystems: in particular, 
it was collected in epilithic samples from small 
lowland rivers located in the Northern-Central region 
of Portugal, showing a preference for low conductivity, 
acid waters with low organic matter concentrations 
(Almeida & Gil, 2001). Again, collected in lowland 
rivers (small tributaries of the Douro River) affected by 
organic pollution in the North-West Portugal, where it 
shows a seasonal preferences for cold months (Elias 
et al., 2012). Nitzschia disputata was collected also in 
rivers in Southern Finland, showing preferences for 
oligotrophic stretches (Soininen & Könönen, 2004). 
It was also detected in an acid small rainwater pool 
close to an abandoned iron mine at Skelton (England; 
Denys & Carter, 1989), and it was part of the periphytic 
community collected in a near-pristine lake in the UK 
(Kelly et al., 2009).
In 2003, Buczkó collected a dense population of 
the rare Diadesmis brekkaensoides (W. Bock) Moser, 
Lange-Bertalot & Metzeltin in the Kiskőhát shaft, a 
protected sinkhole located in the Bükk National Park 
(Hungary). Apart from the type locality, Diadesmis 
brekkaensoides was illustrated by Reichardt (2004, 
p. 429, pl. 1: 24-28, pl. 7: 4-6) from a spring in Graz 
(Bergland), Austria, in Hochlantsch mountains. The 
location, called “Schüsserlbrunn” is a recess in a 
wall of Devonian limestone where dripping water has 
formed some small hollows. One sample was collected 
from a depression in the outer area of the recess 
which was only slightly shaded. 
MORPHOLOGICAL VARIATIONS IN DIATOMS 
OF SUBTERRANEAN HABITATS
Aquatic species may show some morphological 
modifications when growing on wet surfaces 
aerophilous taxa may change their morphology 
when growing in freshwater. Indeed, it has been 
demonstrated that the genus Diadesmis is highly 
polymorphic (Poulíčková & Hašler, 2007): D. 
gallica, in particular, can be subject to phenotypic 
Indian Ocean; Van de Vijver & Cox, 2013). These 
new species, Sellaphora barae Van de Vijver & E.J. 
Cox and Mayamaea cavernicola Van de Vijver & E.J. 
Cox, were described as new for science, while a third 
species Chamaepinnularia aerophila Van de Vijver 
& Beyens was previously described from the nearby 
Crozet archipelago (Van de Vijver et al., 2002a) and as 
a new record for Île Amsterdam (Van de Vijver & Cox, 
2013). Before this last publication, the same authors 
observed M. cavernicola also in small caves at the Île 
de la Possession (Van de Vijver et al., 2002a). The 
distributional range of these species is, nowadays, 
limited to the Southern Indian Ocean.
Luticola spinifera (W. Bock) Denys & W.H. De Smet 
was described as Navicula spinifera W. Bock in 1970 
by Bock and rarely recorded afterwards (only in San 
Gimignano, Italy and in Bodiam Castle, Sussex). 
This particular species shares common features both 
with Luticola (stretched plastid, presence of stigma, 
longitudinal canal and dentate valvocopula) and 
Diadesmis (elongated poroids, linking spines, absence 
of notches). The long spines, visible even under the 
light microscope, are irregularly disposed but always 
present and allow the formation of short chains (up to 
6 individuals) that strongly adhere to soil substratum. 
The formation of colonies can be considered an adaptive 
strategy to extreme stress conditions, such as water 
loss through valvar surface. Several populations were 
recorded in Turkey and seemed to prefer calcareous 
substrates and mosses for colonization and, due 
to the reduced competitiveness with the other soil 
species, they tend to colonize sheltered and inclined 
substrates (Denys & De Smet, 1996). According 
to Levkov et al. (2013) Luticola spinifera is a widely 
distributed species in aerial habitats. 
In 1966, VanLandingham collected and described 
three new Cymbella species from the bottom 
mud of small ponds in the Mammoth Cave (USA): 
Cymbella clausii VanLandingham, Cymbella 
gerloffii VanLandingham and Cymbella hohnii 
VanLandingham. Cymbella clausii presents small 
valves with very broad axial area, acute poles and no 
stigma. Cymbella gerloffii shows narrow valves and 
round apices; the raphe slit is deflected toward the 
ventral side of the valve and lies down in a longitudinal 
area gradually enlarged in the middle. Cymbella hohnii 
presents similar features to Cymbella cymbiformis C. 
Agardh but shows a broader central area; it has been 
transferred in the genus Encyonema by Krammer 
in 1997. Beside Cymbella species, VanLandingham 
(1967) described a new Gomphonema, named 
Gomphonema hotchkissii VanLandingham. This 
species, collected in the Mammoth Cave (USA), shows 
subcapitate apices and a broad elliptical axial area. 
These Cymbella and Gomphonema species, described 
by VanLandingham from Mammoth Cave, are so far 
only known from the type locality.
In 1971, Carter described five new species from 
Devil’s Hole cave in Scotland, namely: Caloneis 
borealis J.R. Carter, Cymbella diavola J.R. Carter, 
abundant in such cave and morphologically variable, 
closely related to Cymbopleura angustata (W. Smith) 
Krammer, Navicula variolineata J.R. Carter, not 
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while Frustulia creuzburgensis (Krasske) Hustedt, 
Nitzschia perminuta (Grunow in Van Heurck) 
Peragallo and Navicula digitoradiata (W. Gregory) 
Ralfs in Pritchard showed a finer striation than in 
the original description (Carter, 1971).
Morphological alterations in the shape of valves 
and horse-shoe area (or “sinus”) were found in 
Planothidium lanceolatum (Brébisson ex Kützing) 
Lange-Bertalot (cited as Achnanthes lanceolata 
(Brébisson ex Kützing) Grunow in Cleve & Grunow) 
collected from lava tubes (Rushforth et al., 1984). 
The same authors found some atypical morphological 
characters in the populations collected in this site, 
if compared to the classical species descriptions. 
This is the case of Rossithidium pusillum (Grunow) 
Round & Bukhtiyarova in Bukhtiyarova (cited as 
Achnanthes linearis var. pusilla Grunow in Cleve & 
Grunow), Encyonema minutum (Hilse in Rabenhorst) 
D.G. Mann in Round, Crawford & Mann (as Cymbella 
minuta), Eunotia praerupta Ehrenberg, Eunotia tenella 
(Grunow in Van Heurck) Hustedt in Schmidt et al., 
Adlafia bryophila (J.B. Petersen) Gerd Moser, Lange-
Bertalot & Metzeltin (as Navicula bryophila), and 
Pinnularia leptosoma (Grunow in Van Heurck) Cleve.
Exposure to low light can also result in particular 
physiological strategies: indeed, autotrophs in 
subterranean environments may show a certain 
degree of heterotrophy (Palik, 1960; Giordano et 
al., 2000). Changes in cell ultrastructure have been 
studied in cyanobacteria and chlorophytes (Albertano 
et al., 1991a) but not yet on diatoms.
It has been observed that morphological and 
physiological adaptations disappear once the 
populations are cultured in the laboratory, assuming 
their normal aspect and reactivating physiological 
processes (Schagerl, 1991).
It is well known that diatom species are subject to 
morphological plasticity, developing features that 
allow facing and surviving in particular environmental 
conditions. By analysing literature data, we compare 
the morphometric features of the most common 
species found in subterranean ecosystem with those 
reported in literature for the same species when found 
in freshwater ecosystems (Table 3).
When comparing morphometric data found in 
literature, no statistically significant differences 
were found between surface water and subterranean 
environments. Mann-Whitney test was performed on 
min and max values of valve length and width, and 
on minimal and maximal values of striae density (PC-
ORD vers. 6.0; McCune & Mefford, 2011). As expected, 
freshwater diatoms showed a wider range in length and 
width measures. In terms of mean length, Hantzschia 
amphioxys and Pinnularia borealis valves seem to be 
longer in subterranean ecosystems than in freshwater 
ones, as well as in Orthoseira roeseana diameter; on 
the contrary, Luticola mutica shows smaller cells in 
caves. Moreover, as shown in Table 3, Luticola nivalis 
and L. mutica found in subterranean habitats show 
on average a lower density of striae in respect to 
those found in rivers. On the contrary, striation in O. 
roeseana seems denser in subterranean ecosystems 
than in freshwater habitats.
polymorphism; it is mainly a terrestrial or subaerial 
diatom. Diadesmis gallica can present two kinds of 
morphs: the first showing raphe system on both 
valves and lacking marginal spines; the second 
forming colonies through linking spines located in the 
valve margins and lacking a raphe system (Granetti, 
1978; Albertano et al., 1995; Cox, 2006). Probably, 
this phenomenon could be related to adaptations to 
different conditions: aerophilous specimens, already 
adapted to live to moist surfaces, can easily survive 
as single cells anchored by means of the mucilage 
secretion through raphe. On the other hand, floating 
in liquids such as standing waters, can be faced by 
the formation of colonies for which the production of 
the spine is necessary (Cox, 2006). A new variety of 
D. gallica, at that time described as Navicula gallica 
var. montana Bahls (Bahls, 1981), showed the same 
kind of polymorphism. During the analysis of the 
diatom flora in Lewis and Clark caves, Bahls found 
particular specimens differing from D. gallica by 
length and outline of the valves (longer and more 
linear in Navicula gallica var. montana). It was 
observed that part of the individuals belonging to 
the new population lacked the raphe system (Bahls, 
1981). Finally, the raphe system in D. gallica found 
in Roman Catacombs was reduced or completely 
absent in most of the specimens; on the contrary, 
some individuals lacking marginal spines presented 
a very short raphe (ca. 2 μm long) probably denoting 
an adaptation to solitary cells life form on cave 
walls (Albertano et al., 1995). It has been frequently 
observed that D. gallica produces also teratological 
forms involving different parts of the cell (outline, 
raphe system, central and axial areas, pores, 
spines); this is probably induced by the highly 
variable environmental conditions, mainly in terms 
of humidity and light, in which the species usually 
occurs (Granetti, 1978).
Diatoms colonising wet walls are adapted to 
unstable environments, not always completely 
wet. To face desiccation, some populations (for 
example belonging to the genera Chamaepinnularia, 
Diadesmis, Eunotia or Nupela) show particular 
siliceous lamina occluding the areolae; moreover, 
the number of areolae can also be lowered (Lowe 
et al., 2007). Reduced external openings are also 
typical for species of the genera Decussata, Luticola, 
Microcostatus and Nitzschia when colonising wet 
walls (Lowe et al., 2007). To prevent desiccation 
during reproduction, Luticola dismutica (Hustedt) 
D.G. Mann in Round, Crawford & Mann produces 
a thin protective layer of mucilage around gametes 
and zygotes (Poulíčková, 2008). 
In 1971, Carter observed that diatom populations, 
collected from Devil’s hole cave in Scotland, presented 
very small dimensions and finer silica structure, 
probably due to adaptation to subterranean 
habitats. In particular, Achnanthes perfida J.R. 
Carter, Brachysira vitrea (Grunow) R. Ross in 
Hartley, Craticula halophila (Grunow ex Van Heurck) 
D.G. Mann in Round, Crawford & Mann, Pinnularia 
intermedia (Lagerstedt) Cleve and Pinnularia major 
Brébisson in Rabenhorst presented smaller valves, 
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Diameter  
(range; μm)
 Length  
(range; μm)
Width  
(range; μm)
Number  
of fibulae  
in 10 μm
Number  
of striae  
in 10 μm
References 
Hantzschia amphioxys (Ehrenberg) 
Grunow in Cleve & Grunow
from diatom floras
20-100 5-7 5-8 13-20 Germain, 1981
20-210(300) 5-15(25) 4-11 11-28 Krammer & Lange-Bertalot, 1988
15-50 5-7 - 20-29 Lange-Bertalot, 1993 
20-210(300) 5-15(25) 4-11 11-28 Taylor et al., 2007
35-41 5-7  8-10 21-24 Lavoie et al., 2008
24-33.3 5.3 - - Kulikovskiy et al., 2010 
 15-50 5-7 - 20-29 Hofmann et al., 2011
from cave literature
36-43 9-10 - 14 Palik, 1966
33-48 6-7 6-7 20-21 St. Clair & Rushforth, 1976
55-64 6-7 7-9 - St. Clair et al., 1981
45-53 6.5-6.7 6-7 20-22 Garbacki et al., 1999
23-51 5.4-8.4 5-8 13-20 Asencio & Aboal, 2000b
43-70 6-9 4-9 14-18 Poulíčková & Hašler, 2007
 15.1-35.2 4.1-7.1 - - Czerwik-Marcinkowska & Mrozińska, 2011
Diadesmis contenta  
(Grunow ex Van Heurck)  
D.G. Mann in Round, Crawford & Mann
from diatom floras
7-15 2-3 - 32-36 Germain, 1981
4-30 2-6 - 25-40 Krammer & Lange-Bertalot, 1986
4-30 2-6 - 25-40 Taylor et al., 2007
10-11 3 - - Lavoie et al., 2008
4-30 2-6 - 25-40 Blanco et al., 2010
 4-10 2-6 - 40/10 Hofmann et al., 2011
from cave literature
12-13 3-3.5 - 36 Rushforth et al., 1984
12 4 - Schagerl, 1991
8-12(14) 2.8-3.3 - 36 Garbacki et al., 1999
6-13 2-4 - 40 Poulíčková & Hašler, 2007
 6.8-8.1 2.4 - 26 Czerwik-Marcinkowska & Mrozińska, 2011
Orthoseira roeseana 
(Rabenhorst) O’Meara 
from diatom floras
8-10 - 8-9 Germain, 1981
8-70   - - Krammer & Lange-Bertalot, 1991
from cave literature
15-31   - 10 St. Clair & Rushforth, 1976
19-33 - 7-10 St. Clair et al., 1981
up to 40 - - Schagerl, 1991
12-30 - 7-8 Garbacki et al., 1999
8.5-34.2 - 6.4-13.4 Poulíčková & Hašler, 2007
8-70   - - Czerwik-Marcinkowska & Mrozińska, 2011
Pinnularia borealis 
Ehrenberg 
from diatom floras
30-70 7-15 - 5-7 Germain, 1981
24-110 5-18 - 4-6 Krammer & Lange-Bertalot, 1986
24-42 8.5-10 - 5-6 Krammer, 2000 
24-42 8.5-10 - 5-6 Taylor et al., 2007
31-41 7 - 4-5 Lavoie et al., 2008
26-48.7 6.7-10 - 5-6 Kulikovskiy et al., 2010
 24-42 8.5-10 - 5-6 Hofmann et al., 2011
from cave literature
34-50 9-12 - 5-6 Garbacki et al., 1999
 (24)30-60(110) 5-18 - - Czerwik-Marcinkowska & Mrozińska, 2011
Luticola nivalis 
(Ehrenberg) 
D.G. Mann in Round, Crawford & Mann
from diatom floras
15-35 6-10 - 17-18 Germain, 1981
12-42 5.5-13 - 17-20(24) Krammer & Lange-Bertalot, 1986
 17 6 - 21 Lavoie et al., 2008
from cave literature
11-24 6-9 - 14-20/10 Poulíčková & Hašler, 2007
 12-42 5.5-13 - 17-20(24) Czerwik-Marcinkowska & Mrozińska, 2011
Diadesmis biceps 
Arnott ex Grunow in Van Heurck
from diatom floras
7-15 2-3 36 Hustedt, 1930
7-15 2-3 32-36 Patrick, 1966
 7-15 2-3  32-36 Germain, 1981
from cave literature
14-15 3-4 - 30-35/10 St. Clair & Rushforth, 1976
10-16 3-4 - 33-36/10 St. Clair et al., 1981
 8-12 2.5-3 - 36 Rushforth et al., 1984
Luticola mutica 
(Kützing) D.G. Mann in Round, 
Crawford & Mann
from diatom floras
10-30 6-9 - 13-18 Germain, 1981
6-30(40) 4-9(12) - 14-20(25) Krammer & Lange-Bertalot, 1986
6-30(40) 4-9(12) - 14-20(25) Taylor et al., 2007
6-30 4-9 - 14-20 Hofmann et al., 2011
from cave literature
 11-13 5 - 16-18 St. Clair & Rushforth, 1976
13-19 6-7 - 18-22/10 Poulíčková & Hašler, 2007
 6-30(40) 4-9(12) - 14-20(25) Czerwik-Marcinkowska & Mrozińska, 2011
Table 3. Morphometric data analysis: comparing information concerning structural features of taxa coming from freshwater environments and from 
subterranean ecosystems. Taxa are shown in the first column in order of frequency based on literature results.
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assume an important taxonomic significance. In this 
context, it appears clear that peculiar environments, 
such as subterranean ecosystems, lack more than 
others of specific taxonomic studies and related 
floras. Therefore, in this context, aerophilous species 
such as those belonging to the genera Diadesmis, 
Hantzschia and Luticola are the most involved in 
“force fitting” phenomena, being less studied than 
freshwater ones. Especially for the genus Diadesmis 
(Lange-Bertalot & Werum, 2001; Le Cohu & Van de 
Vijver, 2002; Van de Vijver et al., 2002b; Buczkó, 
2003; Kopalová et al., 2009; Lowe et al., 2014), but 
also for the genera Achnanthes (Tofilovska et al., 
2014) and Luticola (Kopalová et al., 2011; Levkov et 
al., 2013), it is important to consider that modern 
techniques for the morphological analyses, such as 
SEM, were not available and spread during the first 
half of the 20th century. Fine structures in very small 
specimens, nowadays considered as systematic 
character for the determination of diatoms at 
species level, have not been observed during most of 
the researches included in this review. For instance, 
Luticola mutica is regularly cited in the world, also 
frequently in subterranean habitats; nevertheless 
according to Levkov et al. (2013), it is a brackish 
water species, occurring as epiphyte on different 
macrophytes in several estuaries in Europe. For 
these authors many of the records of Navicula 
mutica from freshwater habitats are related to other 
species similar to L. mutica (like L. frequentissima 
Levkov, Metzeltin & Pavlov, L. imbricata (W. Bock) 
Levkov, Metzeltin & Pavlov, L. pseudoimbricata Levkov, 
Metzeltin & Pavlov, etc). For instance, the valves 
depicted in Krammer & Lange-Bertalot (1986, figs 61: 
1-7, as Navicula mutica Kützing var. mutica) belong to 
L. frequentissima. Another recent deep investigation 
of the species of the genus Achnanthes, including the 
analysis of the type material of A. coarctata, allowed 
Tofilovska et al. (2014) to discover and describe two 
new Achnanthes species in the cave Peshti, Mountain 
Jakupica, Macedonia. In addition, revising the 
Diadesmis and Paradesmis species concept, Lowe et 
al. (2014) proposed the creation of a new genus, based 
on the description of a new species, the generitype 
Humidophila undulata Lowe et al., found at the type 
locality (subaerial collection from wet wall, Nuuanu 
Pali Lookout, Oahu) and on drip walls and caves on 
the islands of Oahu, Maui and Hawai’i. Several of the 
species belonging actually to Diademis, as Diadesmis 
aerophila (Krasske) D.G. Mann or D. contenta, have 
been transferred to this new genus Humidophila (Lowe 
et al., 2014).
According to the literature investigated, diatom 
diversity in subterranean habitats is, in general, 
relatively low. Despite this, some literature data 
report a high number of taxa collected from caves. 
For example, Lauriol et al. (2006) highlighted an 
important number of diatom taxa in samples collected 
from ice caves: about 92 taxa (mainly aerophilous and 
allochthonous) were identified from ice cave formations 
in Northern Yukon Territory (Canada). Carter (1971) 
also recorded more than 90 taxa from the Devil’s Hole 
Cave in Scotland.
CONCLUDING REMARKS
The literature analysed refers to subterranean 
habitats (mostly caves) distributed in 27 different 
countries mainly in Europe and North America 
(Table 1). More than 230 papers were analysed. 
Within them, more than 190 studies concern the 
algal flora inhabiting subterranean systems, and in 
particular, 82 specifically refer to diatoms providing 
a list of recorded species. Literature data cover a 
temporal range of 113 years, from 1900 to 2013 
(Figure 3) and provided information concerning 
the diatom flora colonising mainly wet walls in 
caves, including touristic ones. The interest of the 
scientific community in this subject has grown in 
the last decades worldwide, especially in relation to 
the impact of biofilm in show caves.
Cave diatoms 
From this review, a total of 363 diatom taxa, 
belonging to 82 genera, were observed in different 
subterranean systems. In particular, Navicula sensu 
lato and Nitzschia count the highest number of 
species (respectively 40 and 26). The most widespread 
and abundant species were Hantzschia amphioxys, 
Diadesmis contenta, Orthoseira roeseana, Luticola 
nivalis, Pinnularia borealis, Diadesmis biceps, 
and Luticola mutica. Up to the last two decades, 
species concept in diatom taxonomy assumed wide 
boundaries leading to a broad concept. Indeed, 
a full understanding of the underlying causes of 
morphological variation patterns and speciation was 
generally missing and most of phenotypic variability 
was purely considered as environmental adaptation. 
Moreover, the only diatom floras available until then, 
referred to European freshwater diatoms. The use of 
these floras for the identification of diatom species in 
non-European freshwater ecosystems (for example 
Antarctica) or for the analyses of soil and aerophilous 
communities has to be considered as “force fitting” 
taxonomical practice. The arising consequences fall 
back into the study of diatom ecology, biogeography 
and lead to under-estimation of their diversity 
(Vanormelingen et al., 2008). Afterwards, with 
the increase of molecular techniques, fine and 
discontinuous morphological features started to 
Fig. 3. Number of publications concerning diatom flora in 
subterranean ecosystems from 1900 to 2013.
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walls, sometimes oxidising its iron inclusions (Roldán, 
2008). For this reason, chlorine bleach (sodium 
hypochlorite NaClO) and peroxide (hydrogen peroxide, 
H2O2) appear not adequate in the treatment of walls 
characterized by prehistoric paintings (Aley, 2004). 
Moreover, this treatment seems to be not effective 
against some cyanobacteria that are able to survive in 
crevices (Iliopoulou-Georgoudaki et al., 1993), like for 
instance Scytonema julianum (Meneghini ex Franck) 
Richter. Despite the release of gaseous chlorine with 
potential consequences on biota (Faimon et al., 2003), 
chlorine bleach (50%) is an effective solution and is 
largely used (Cigna, 1993). Recently, peroxide was 
also tested as an alternative to chlorine bleach for 
the removal of lampenflora: 15% H2O2 appeared to be 
effective on its destruction, even if it seems less effective 
than chlorine bleach (Mulec & Glažar, 2011). Moreover, 
at this concentration, peroxide damages limestone and 
speleothems, reacting with carbonates. To overcome this 
problem, Faimon et al. (2003) suggested to introduce 
some limestone fragments in 15% H2O2 10 hours before 
the cleaning procedure. In this way, the saturation of 
the solution with respect to calcite can be reached, 
preserving limestone cave walls from deterioration.
The formation of lampenflora as consequence of 
tourist exploitation of show caves also represents 
a severe threat for conservation issues, as caves 
shelter troglobionts, rare and endemic taxa (Mulec 
et al., 2008; Czerwik-Marcinkowska & Mrozińska, 
2011). The environmental management of show caves 
should accurately take into consideration which kind 
of habitat has to be preserved: low and intermediate 
energy subterranean systems are the most vulnerable 
and the human presence could easily threaten 
their natural equilibrium. Indeed, touristic flow 
should be established by a well-designed program of 
measurements, including temperature, humidity, CO2 
assessment. The flux of tourists in the cave should be 
regulated, in order to avoid excessive repercussions 
on the cave environmental parameters, targeting the 
maintanenace of their natural range of variations. 
Reasonable recovery periods should be planned in 
response to excessive impacts. 
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epikarst, a very superficial habitat under the surface 
of the karst in the infiltration zone (Bakalowizc, 
2005), which is an ecotone between surface water and 
groundwater (Pipan, 2005); and the hypotelminorheic 
habitat (Meštrov, 1962; Culver & Pipan, 2009b), a 
persistent shallow subsurface of wet spots fed by 
subsurface water in a slight depression (Fig. 1). The 
aquatic compartment of the subterranean ecosystem 
extends through the deepest aquifers such as the 
Edwards Aquifer in Texas (USA) at 600 to 1000 meters 
deep, to the shallow interstitial habitats composed of 
water filled spaces between unconsolidated sediments 
(Culver & Pipan, 2009a). Among these subterranean 
compartments, the subterranean-adapted fauna can 
inhabit from the shallow habitats in the subsurface, 
through to the deepest known galleries at more than 
-2000 m and from the giant subterranean chambers 
to the smallest fissures (Sendra & Reboleira, 2012).
In the early 70’s the discovery of the hypogenic 
karst, firstly studied in Europe and North America 
INTRODUCTION
At the beginning of the last century, the 
Romanian biospeleologist Émile G. Racovitza, in his 
comprehensive monograph ‘Essai sur les problèmes 
biospéologiques’ (Racovitza, 1907), drew the attention 
to the extension of the subterranean domain, far 
beyond human accessibility and highlighted the 
connection between caves, small voids and the deeper 
soil layers through the fissure network. This network 
of interconnected spaces allows faunal migration 
directly across pits or sinks of water or through 
the shallow subterranean habitats SSHs (Culver & 
Pipan, 2009a, 2009b; for more details see Camacho, 
1992). The SSHs ranges from the ‘upper hypogean 
zone’ (Uéno, 1987) or ‘milieu souterrain superficial’ 
(MSS) through to caves and other non-karstificables 
lithologies (Juberthie et al., 1980, 1981; Gers, 1998), 
including the recently proposed alluvial MSS (Ortuño 
et al., 2013). The SSHs include, among others, the 
Over the last 40 years, hypogenic karst/caves have become well known and hypogene 
speleogenesis has been used to explain the formation of some of the largest subterranean 
maze caves. These hypogenic systems involve confined aquifers with upwards flow, 
responsible for their karstification. Such spaces begun and could be remain isolated from the 
surface and the contiguous subterranean habitats, including the shallow ones. We studied 
the invertebrate fauna and the geology/speleogenesis of two recently opened caves from 
Eastern Iberian Peninsula, which clearly showed features of hypogenic origin. Their scarce 
faunistic composition, formed by non cave-adapted fauna, is similar to other hypogenic caves 
from Europe and North America, suggesting that there are restrictions for faunal colonization 
of the hypogenic subterranean ecosystems. We propose differentiating the hypogenic from 
the epigenic subterranean ecosystem based on the fact that the first one lacks fauna during 
its genesis. This new scenario may have consequences in the regional biodiversity patterns 
of troglobiont species. 
subterranean ecosystem; hypogene speleogenesis; epigenic hypogenic karst caves; 
troglobiont fauna; biodiversity patterns
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Palmer (1991) estimated that the hypogenic cave 
systems account for only 10% of the studied cave 
systems, although they include some of the largest 
ones. Later, Klimchouk (2007) stated that hypogenic/
confined karst systems are much more widespread 
and that this relatively small percentage is merely 
an exploration bias, due to their inherent lack of 
accessibility from the surface. For Molerio (2004), 
the epigenic karst is directly controlled through karst 
kinetics, while the hypogenic karst responds more 
to a mass balance. In the same way he considers 
that in the epigenic karst exchange occurs with 
subaerial processes (water movement and mixture) 
and dissolution capacity is enhanced (and sometimes 
decreased) in the direction of flow. On the contrary, in 
the hypogenic karst the exchange through subaerial 
processes would not virtually occur, except in distal 
areas and those areas connected to a phreatic aquifer 
where dissolution capacity is generally independent 
of flow. 
Although the knowledge of the hypogenic karst/
caves occurred relatively early, the biospeleological 
studies did not start until the 90’s, after the discovery 
of a small number of sulfidic caves, many of them 
considered to have an hypogenetic origin. Some 
of them became extensively studied due to their 
interesting ecosystems, supported partly or totally by 
chemolithotrophic primary production (Sarbu, 1990, 
1991; Engel et al., 2004a, 2004b; Cambell et al., 2006; 
Engel, 2007; Jones et al., 2008; Porter et al., 2009), 
in a similar way to deep-sea hydrothermal vents 
(Jannasch & Wirsen, 1979). The microorganisms 
of these caves depend on the oxidation of chemical 
compounds and if they are abundant enough, they 
may produce enough organic matter to support a 
community with large organisms such as arthropods 
(Sarbu et al., 1996).
A previous prospection of two caves from the 
Eastern Iberian Peninsula revealed both their possible 
hypogenetic origin due to their morphological features 
and a remarkable lack of cave adapted fauna. Those 
circumstances lead us to conduct a more exhaustive 
study of those two caves, studying their speleogenetic 
origin and monitoring their fauna. The lack of 
and the diffusion of hypogene speleogenesis, enabled 
the explanation of the formation of some of the largest 
subterranean maze systems around the world (Sebev, 
1970; Müller & Sarvary, 1977; Bakalowicz et al., 1987; 
Takács-Bolner & Kraus, 1989; Davis et al., 1990; 
Klimchouk, 1990; Dublyansky, 1995). The formation 
of hypogenic karst/caves is explained as the result of 
three main genetic processes: i) Sulfidic emanations 
(H2S) and their transformation into sulfuric acid, which 
would explain some of the largest subterranean maze 
systems, such as Carlsbad Caverns or Lechuguilla 
Cave in New Mexico, USA (see Davis et al., 1990; 
Palmer & Palmer, 2000; Jagnow et al., 2000); ii) A 
thermal origin, such as Jewel and Wind caves in South 
Dakota, USA (Bakalowicz et al., 1987), in some cases 
including thermal fluxes with high concentrations 
of CO2, which is the case in the large subterranean 
network surrounding Buda in Hungary (Pál-Völgy, 
Szemló-Hegy, Castle caves, etc.) (Takács-Bolner & 
Kraus, 1989) and the huge underground chambers 
in the Rhodope Mountains of Bulgaria (Sebev, 1970; 
Müller & Sarvary, 1977; Dublyansky, 1995, 2000); 
iii) A deep dissolution of gypsum by upward flows 
under confinement conditions, as in the large caves of 
Optimisticheskaja, Ozernaja, Zolushka in the Podolia 
region in Ukraine (Klimchouk, 1990). Since 2000, 
hypogenic models have begun to be widely used and 
proposed in literature as a new type of karst genesis, 
quite distinct from the epigenic or classical karst/
caves (see Klimchouk et al., 2000; Klimchouk & Ford, 
2009 and several papers in a 2012 special issue of the 
Geomorphology journal).
Regardless of the speleogenetic processes, 
hypogenic karst/caves are characterized by several 
geomorphological features (though not always 
exclusive) and, especially, by being formed in confined 
aquifers and related to corrosive ascending fluxes: 
gases, acid solutions and/or thermalism. Often, 
those are fluxes of deep-water that locally interact 
with shallow water or local groundwater flow systems 
(Klimchouk, 2009). This new hypogenic concept 
allowed reconsideration of the genesis of certain 
previously known caves and karst systems whose 
origin had not been sufficiently understood yet. Thus, 
Fig. 1. Diagram of subterranean epigenic and hypogenic ecosystems: t0 active phase and t1 inactive phase with connection of epigenic and 
hypogenic ecosystems. SSH, Shallow Subterranean Habitats.
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Far Cave (Alfás del Pí, La Marina Baixa, Alicante, 
ETRS89, 30S X=7/56426 m, Y=42/72590 m) is a 
labyrinthic network with about two kilometers of tunnels 
carved into the northeast slope of Serra Gelada Mountain, 
with a predominant E-W orientation (Fig. 4) and only 
accessible through one small size entrance located at 120 
m a.s.l. (Speleo Club Covak Vila Joiosa, pers. comm.).
Both caves present some areas with constant water 
infiltration from the surface in some galleries or 
small pools. In Autopista Cave the water level rises 
periodically, flooding its deepest zone.
Fieldwork
The Autopista Cave was monitored from 25th 
November 2011 to 10th June 2012, near the entrance 
and along the main galleries. The Far Cave was 
monitored during two years, from 24th June 2006 to 
15th May 2008. A set of pitfall traps (6 cm in diameter 
and 7 cm in depth) was set in each cave, with a 
minimum separation among them of 100 meters. The 
traps were partially filled with 1.2-propanediol and 
cheese was used as bait. The pitfall sampling was 
supplemented by one hour of active search during 
each visit to the caves. One half liter of guano was 
processed for total extraction of fauna using Berlese 
(1905) method. Samples were sorted and each 
taxonomic group was identified.
In the Far Cave, temperature was measured using an 
Escort iLog Temperature Logger and in Autopista Cave 
subterranean adapted species in these studied caves, 
as also happens in many other hypogenic caves, leads 
us to propose a new insight on the colonization of 
the subterranean ecosystems. A discussion on the 
hypogenic features of Autopista and Far caves and 
their colonization by invertebrate terrestrial fauna is 
also provided.
MATERIAL AND METHODS
Study sites
The studied caves are included in the Prebaetic 
biospeleological district in Spain, according to Sendra 
et al. (2006), corresponding to the northeastern 
border of the Baetic Chain, near the Mediterranean 
Coast (Fig. 2), but far from the influence of the littoral 
and the Quaternary fluctuations of the sea level.
Autopista Cave (Real de Gandia, La Safor, Valencia, 
ETRS89, 30S X=7/42594 m, Y=43/15728 m) is located 
in the oriental border of Serra Falconera Mountain, a 
small karst area in the Eastern border of Serra Grossa 
hydrogeologic system (Pulido-Bosch, 1979). Several 
small entrances were opened during the construction 
of the AP7 highway in a vertical slope at more than 
90 m a.s.l. This cave is a complex, anastomotic 
subterranean net, with more than 8 km of passages 
oriented SE-NW (Fig. 3), reaching the maximum depth 
of -82 m through a wide shaft of -40 m in the Alucine 
Pit (Grup Espeleològic Murta et al., 1987).
Fig. 2. A map with caves inhabited by cave-dwelling species of 
northeastern Prebaetic, and the locations for Autopista Cave (A) 
and Far Cave (B). List of caves: 1) Avenc de Quatretonda; 2) Cova 
de l’aigua; 3) Avenc de la Vinya Vella; 4) La Covota; 5) Cova de 
l’Aigua d’Engarbullers; 6) Avenc Pla dels Engarbullers; 7) Cova Fresca; 
8) Cova del Perro; 9) Sima Sancho; 9) Cova dels Canellons; 10) Cova 
de l’Aigua; 11) Cova dels Emboscats; 12) Cova de les Maravelles; 
13) Avenc del Real; 14) Cova de les Rotes Penades; 15) Cova de 
Soliganyes; 16) Cova de l’Angel; 17) Sima Blanca; 18) Avenc Lléngua 
de Sérvol; 19) Cova de l’Amuixic; 20) Cova Font dels Bassiets; 21) Cova 
del Rull; 22) Cova de la Mina de Luis Santonja; 23) Cova de Sant 
Joan; 24) Cova Bolumini; 25) Avenc de la Cigarra; 26) Cova Fosca; 
27) Cova de la Pedrera; 28) L’Avenc; 29) Cova de les Calaveres; 
30) Cova del Pouet; 31) Cova de la Punta de Benimaquia; 32) Cova 
de l’Andorial (probably destroyed); 33) Cova de Les Maravelles; 
34) Cova de Barrina; 35) Avenc del Morro del Estepar; 36) Cova 
del Somo; 37) Avenc Gran i Petit del Frare; 38) Cova dels 
Morets; 39) Cova de les Meravelles; 40) Sima el Cremat; 41) Cova 
Massatava; 42) Cova de la Pinta Mister; 43) Mina del Capellá; 
44) Cova dels colombs; 45) Cova dels Rats Penats; 46) Cova Gran.
Fig. 3. Autopista Cave (Serra Falconera Mountain): A) Plan view of 
the cave, a hypogenic maze cave near the coast, with more than 8 km 
of passages; B) Outline of the geological scenario showing the main 
gallery between the entrances and the end Alucine Pit.
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blocks (Figs. 6A & B), often hindering or obstructing 
the exploration of this subterranean network. 
The cave walls show some structures such as the 
boxwork formations through many sectors of the 
cave (Fig. 6F). The Alucine Pit is located in the lower 
section (Fig. 6C), which is considered a big feeder, 
the main upstream source of the currently known 
network. The geological structure and the regional 
hydrogeological framework show that the Autopista 
cave was formed within a dolomitic confined aquifer, 
located in the ascending or distal zone of the 
Hydrogeological Subsystem of Serra Grossa (Pulido-
Bosch, 1979) and with hydrothermal traits. The 
current vadose position of the cave is consistent with 
the regional piezometric decline experienced by the 
aquifers in the area during the Quaternary.
The Far Cave is formed within a large monoclinal 
block of 7 km2, with NE-SW direction and westward 
dip, forming part of the eastern flank of the coastal 
syncline of Villa Joiosa, according to geologic map of 
Spain nº 848 (Hernández et al., 2008). This syncline is 
occupied by the Quaternary Plain of Benidorm, which 
is a detrital aquifer disconnected from infra-adjacent 
limestone, due to the existence of Cretaceous marls, 
which are part of the syncline structure itself. The 
cave is basically a network of labyrinthine coalescent 
with a Thermo-hygrometer Lufft (Hand Held Device E200) 
and the humidity of both caves with the latter device.
RESULTS
Geological features of studied caves
The Autopista Cave has developed, in its upper 
part, within the dolosparite of Alatoz Formation 
(Cenomanian), just above the contact with the marl 
and dolomites rhythmic bedding of Villa de Ves 
Formation (Cenomanian-Turonian), superimposed 
on it and acting as a confining layer (Figs. 3B, 5A). 
The dolosparite of Alatoz Formation is about 60 m 
thick and consists of massive layers of dolosparite 
(dolomite crystals of 100 to 200 µm), with more 
than 93% of carbonates. Villa de Ves Formation 
is over 90 m thick. Marls are especially abundant 
and dominant in the lower levels of the formation, 
observed in detail in some subsidences (collapses) of 
the ceiling (Figs. 6A & B). Its anastomotic network 
has developed mainly in a slope, defining the contact 
between the two formations mentioned above with a 
dip of about 15 to 20º NE. The geomorphology of the 
cavity is dominated by a maze of coalescing canals 
(maze cave), more or less circular and controlled by 
ascending corrosion forms, such as cupolas, feeders 
(Figs. 6D & E), rising wall channels and anastomotic 
pipes and tubes, occasionally alternating with areas 
of collapse, where the flat roof formed by the rhythmic 
bedding formation has collapsed, yielding small 
rooms with debris cones and detached parallelepiped 
Fig. 4. Far Cave (Serra Gelada Mountain): A) Plan view of the cave, a 
hypogenic maze cave with >2 km of passages and chambers; B) Outline 
of the geological scenario showing the main gallery.
Fig. 5. A) Autopista Cave, showing the entrances opened due to the 
construction of the highway and also the contact between the marl 
and dolomite rhythmic bedding and the dolosparite in which the cave 
is developed; B) Far Cave, showing the slope with the entrance in 
the highest part of C2 unit and the contact between the calcarenitic 
limestone and the marl formation C3 unit as the confining layer.
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correspondent to the C3 unit (Yébenes, 1996, 2004) 
(Figs. 4B, 5B). The cave presents the typical structure 
of a confined aquifer, currently semi dismantled by 
erosion and remarkably elevated – by neotectonic and/
or eustatic processes, concerning its original saturation 
and confined initial genetic situation.
The subhorizontal development of the Far Cave suggests 
an old formation linked to the mixing zone and contact 
between a rising thermal flow (corrosive and gasified waters 
of confined aquifer) and the free and floating position of 
the water table in the upper part of this aquifer. This 
upward thermal flow would be tied to the artesian basin 
of the Vila Joiosa syncline, proceeding its water recharge 
from the extensive relief developed towards W and WNW 
from the mountains of Puig Campana, Aitana, and others. 
In addition to the rise of CO2 linked to the deep aquifer 
and its possible thermalism, there is another corrosive 
ducts and often overlapping sections showing frequent 
spongework and vertical connections (Fig. 7A). It has a 
very irregular subhorizontal development, with small 
wells (feeders) and numerous rising domes (outlets) 
(Figs. 7B & D). Micropits and pockets are also usual 
on the surface of the cave walls (Figs. 7E & F). Inclined 
sectors are seen as a result of the dip of the strata. 
There are also flat roof chambers, which are sloping 
due to clastic processes occurring subsequent to 
forming the hypogenic cave, which may facilitate access 
to endogean fauna (Fig. 7C). It has developed within 
a calcarenitic limestone formation, frequently with 
oosparites and biomicrites of 25 m wide (upper Albian) 
and 30º NW dip. This calcarenitic limestone forms the 
higher part of C2 unit, a robust set, about 200 m of 
sandy limestone and marl (aquitard) and the ceiling 
has a marl formation (aquiclude) of about 4-8 m thick 
Fig. 6. Autopista Cave: A) Upper gallery showing the contact between the marl and dolomite rhythmic bedding and the dolosparite where the cave 
is excavated; B) Collapsed parallelepiped blocks from the ceiling of marl and dolomite rhythmic bedding; C) -40 meters Alucine Pit; D) Feeder near 
the entrances; E) Outlets connecting ceiling channels viewed from below; F) Boxwork formations.
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Habitats and cave communities
Due to the narrowness of both caves entrances, total 
darkness is reached within a few meters (Figs. 3, 4). 
Their mazes, horizontal in Far Cave and downward in 
Autopista Cave, have no appreciable airflow with the 
exception of some narrow passages between galleries 
at different levels. The air temperature ranges from 
19.3 to 19.9ºC in Autopista Cave and from 19.6 to 
19.7ºC in Far Cave, and relative humidity between 
88.5% to 95.0% and 95 to 98%, respectively.
No strictly subterranean fauna, considered as 
troglobiont exhibiting troglobiomorphic adaptations, 
agent also involved in the hypogene speleogenesis of the 
cave, which may be the sulphuric acid resulting from 
oxidation of sulfide. This process is associated with the 
presence of ferric sulfide mineralization, which has been 
located within the host rock and, in the past, was the 
origin of iron ore holdings (Figs. 7E & F). Frequently 
ferruginous inclusions (pyrite or marcasite transformed 
in siderite or hematite) are observed on the walls (Figs. 
7E & F). Evidence supporting the action of sulfuric acid 
in the speleogenesis is the presence of extensive parietal 
gypsum coatings, identified in several sectors of the cave 
(Fig. 7B).
Fig. 7. Far Cave: A) Spongework gallery in the deep zone of the cave; B) Outlets in the deep zone, in a gallery with parietal gypsum coatings; C) Coletinia 
intermedia, a characteristic endogean frequent in the eastern chamber where roots from the surface penetrate; D) Outlet viewed from below; E) Ceiling 
pocket and ferruginous veins; F) Solutional micropits and ferruginous veins.
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& Ford (2009). For Palmer (2011) hypogenic caves 
are formed by upward flow of deep-seated water or 
by solution aggressiveness generated at great depth 
below the surface.
Although Autopista and Far caves were known for 
several decades (Grup Espeleològic Murta et al., 1987, 
Speleo Club Covak Vila Joiosa, pers. comm.), their 
hypogene speleogenetic origin has been now recognized 
for the first time. These two studied caves show 
obvious geomorphologic features of hypogenic origin. 
Both present reticular and maze developments typical 
of karstification in confined aquifers, where there is 
a confining layer acting as a roof and underneath an 
aquifer where speleogenesis occurs. Also they have 
many macro-morphological features due to hypogenic 
origin (Klimchouk et al., 2000; Klimchouk & Ford, 
2009) caused by corrosive rising flows, such as feeders 
developed along networks, forming typical wells 
where corrosive ascent flow took place, the frequent 
outlets or blind chimneys developed in the roof of 
many conducts, micropits, pockets and in general the 
intersecting and anastomosed ductwork sometimes 
overlapped, forming floors intercommunicated by 
feeders. Considering these features we suggest 
defining a new natural model, easy to distinguish 
from the classical epigenic karst model, as it was often 
defined by authors such as Eraso (1973) with their 
classical features such as: scallops, vertical channels, 
pendants, potholes or detrital sediments. 
In both studied caves, there was no connection 
between the subterranean hypogenic conduits and the 
surface during their genesis, yielding a subterranean 
space that prevents the input of fauna and organic 
nutrients (MOD or MOP) from the surface. This could 
be the explanation for the lack of true invertebrate 
troglobionts (and stygobionts) and the general scarcity 
of fauna (remarkably clear in Autopista Cave) in the 
studied hypogenic caves. Moreover, Autopista and 
Far caves are surrounded by non hypogenic caves 
inhabited by troglobiont fauna. Autopista Cave is 
carved in a small karst massif where there are many 
caves habited by troglobiont leiodid beetles and 
diplurans (Herrero-Borgoñón & González, 1993). Both 
Autopista and Far caves belong to the same karst 
region of the Eastern Prebaetic where at least 16 
troglobiont species of arthropods are known (Zaragoza 
& Sendra, 1988; Domingo et al., 2007): spider (1 spp), 
pseudoscorpions (3 spp), diplurans (3 species) and 
leiodid beetles (3 spp) and carabid beetles (4 spp) (Fig. 2). 
Thirty years have passed since the connection 
of Autopista Cave to the surface, as a result of the 
construction of the AP7 highway (Valencia-Alicante) in 
1983, a short period of time for cave’s faunal colonization. 
Its scarce invertebrate fauna may be the result of the 
active entrance of epigean species of flies and butterflies, 
favored by the organic inputs left by speleological activity, 
particularity the presence of opportunistic barkflies. 
The presence of vertebrates, the bat Rhinolophus 
ferrumequinum (Schreber, 1774) near one of the 
entrances, detected by Herrero-Borgoñón & González 
(1993), was not found during our study. Despite the high 
relative humidity (above 95%), constant temperature and 
the occasional water percolation in some narrow galleries 
was found in any of the two caves. At the entrance, 
the driest part of the Autopista Cave, where the 
relative humidity is constant and inferior to 90%, 
the presence of epigean fauna was recorded, such as 
the noctuid butterfly Agrotis segetum, the phorid and 
sciarid flies and occasionally harvestmen of the genus 
Leiobunum (Table 1). After the entrance there are 
abundant water pools on the floor, and the relative 
air humidity surpasses 90% and even 95% in the 
deepest galleries, where wet clay soils and small pools 
appear. The pitfalls located in the first 200 m have 
only captured epigean fauna such as sciarid flies and 
occasionally, the barkfly Psyllipsocus ramburi, being 
less frequent between 300-500 m and disappearing in 
its northwestern sector, after 500 m from the entrance 
(Table 1).
The Far Cave has a richer fauna community with 
several endogean, hygrophilous and lucifugous 
elements spread throughout the deep area of the cave. 
Near the entrance, in the narrow circular conducts, 
there are the typical elements of parietal fauna: 
the noctuid butterfly A. segetum, the harvestmen 
Leiobunum, the spider Loxosceles rufescens, and the 
tenebrionid beetle Elenophorus collaris, probably 
looking for shelter from the dry surface conditions. 
The access to the easternmost chamber is located in 
the deepest area, where the ceiling is near the surface 
and some roots of Pistacia lentiscus appear, creating a 
peculiar microhabitat that harbors endogean species, 
such as the nicoletiid silverfish Coletinia intermedia, 
recently described from this cave (Molero et al., 2013) 
(Fig. 7C), an unidentified species of  geophilomorph 
centipede and a gnaphosid spider. In the eastern part 
of this chamber, there are guano accumulations up to 
two meters high (although bats were not detected during 
explorations), that support a diverse invertebrate 
fauna roughly linked to the existence of guano, among 
them: two species of diplurans, a japygid of Japyx 
genus and a projapygid of Projapyx genus, a non-
troglomorphic Pseudosinella springtail, two species 
of isopods Porcellio bolivari and Cristarmadillidium 
breuili previously known from other caves of this 
area, as well as an epigean species of sciarid fly and a 
polydesmid millipede. In the deepest galleries only the 
non-troglomorphic springtails Gisinurus malatestai, 
a species of Oncopodura and a species of oribatid 
Damaeidae mite were found (Table 1).
DISCUSSION
The karstification of hypogenic systems always 
involves confined aquifers and upwards flow. The 
hypogenic speleogenesis has different kinetics 
than epigenic karst since its origin lacks of surface 
connection. When it exists, it is always in the 
cessation of growth. Hypogenic karst/caves might not 
be the adequate name if we remember that the words 
“hypogenesis/hypogenic” have been used in relation 
to the geology of mineral deposits and endogen 
processes related to rising solutions and magmatic 
hydrothermalism. This is one of the reasons why 
Palmer (2011) does not share completely the concept 
of hypogenic karst/caves of authors such Klimchouk 
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identified by Navarro et al. (1959) at 170 m a.s.l., on the 
southern slope of the mountain. These data help us to 
understand how the confined aquifer originated several 
hundred or a few thousand years ago, the dismantling 
of the slopes and the hydrothermal disconnection. The 
final result is a fossil cave isolated from the surface until 
relatively recent times. Despite the suitable ecological 
conditions of Far Cave (relative humidity close to 99%, 
constant temperature, presence of water in small pools, 
percolating water in several places within the cave and 
active movement of animals, especially bats), it has 
not been colonized by troglobiont species. However, 
this cave was colonized by guanophiles, endogean and 
hygrophilous species, facilitated by two factors: the 
input of bats and the temporary presence of guano, and 
the ease of access from the outside, particularly in the 
easternmost room, were roots coming from the surface 
are present. Noteworthy is the discovery of one species 
of Projapygidae family, a tropical dipluran previously 
was not enough to facilitate the arrival of hygrophilous 
species that were present only at the entrance.
Far Cave is connected to the surface due to the 
progressive and rapid retreat of the slope during the 
Late Pleistocene. There are two facts that can serve 
as evidence of this erosion process: i) The location of 
the small entrance, which opens in a distal portion 
of the ductwork and ii) In the same sector of the 
cave, the presence of colluvial deposits and hardly 
any loose matrix (grèzes), denoting the retreat of the 
mountain slope. 
Although Far Cave is about 120 m a.s.l., the hill 
descends steadily to the Mediterranean Sea and presents 
significant accumulations of sand deposits (rampant 
dunes) interdigitated with slope deposits (colluvial, 
usually with red matrix and sometimes crusted), 
indicating a relatively high position of an emerged wide 
sandy platform. Also striking is the possible existence of 
a tyrrhenian fossil beach, remnants of climbing dunes 
Autopista Cave
Entrance 
Zone
Deep Zone
<1
00
 m
10
0-
30
0 
m
30
0-
50
0 
m
50
0-
80
0 
m
80
0-
10
00
 m
Opiliones Leiobunum sp. C.L. Koch, 1839 * - - - -
Psocoptera Psyllipsocus ramburi Selys-Longchamps, 
1872
* - * - -
Lepidoptera Agrotis segetum (Denis & Schiffermüller, 
1775)
* - - - -
sp. indet. * - - - -
Diptera Phoridae * - - - -
Sciaridae * * * - -
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Opiliones Leiobunum sp. * - - -
Scotolemon sp. - * - -
Araneae Loxosceles rufescens (Dufour, 1820) * - - -
Gnaphosidae - - - -
Acarina Oribatida Damaeidae - - * *
Isopoda Cristarmadillidium breuili Vandel, 1954 - - * -
Porcellio bolivari Dollfus, 1892 - * * -
Diplopoda Polydesmida - * * -
Chilopoda Geophilomorpha - - * -
Collembola Pseudosinella Schaeffer, 1897 - - * -
Oncopodura Carl & Lebedinsky, 1905 - - - *
Gisinurus malatestai Dallai, 1970 - - - *
Diplura Japyx Haliday, 1864 - - * -
Projapyx Cook, 1899 - - * -
Zygentoma Coletinia intermedia Molero, Bach & Gaju, 
2013
- - * -
Coleoptera Elenophorus collaris (Linnaeus, 1767) * - - -
Lepidoptera Agrotis segetum * - - -
Diptera Sciaridae - * * *
(m) meters from the entrance
Table 1. Fauna of Autopista and Far caves, eastern Iberian Peninsula, Spain.
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Independently of the speleogenetic of the hypogenic 
karst/caves, the cessation of growth of the karst/caves 
and the drop of the piezometric level maintain this 
environment without fauna until a connection with the 
surface or to other subterranean habitats is established. 
Only then, fauna may colonize hypogenic karst/caves 
and the entry of food resources from the surface may 
also be established. However, the colonization becomes 
difficult in deep caves embedded in solid compact 
rocks that could prevent the interconnection with 
subterranean superficial well developed habitats, if they 
are present (Figs. 1 and 8, phase t1).
FINAL REMARKS
The classical definition of the subterranean 
ecosystem through bioespeleological literature, 
shown by Racovitza (1907), Juberthie (2000), or 
Culver and Pipan (2009a) may be summarized 
as a network of intercommunicated micro, meso 
and macro voids, filled or not with meteoric water, 
extending from the surface towards the subsurface, 
allowing the movement of fauna communities and 
nutrients mostly from the surface. Those spaces are 
in total darkness, with isothermal tendency, often 
close to saturated air humidity in the terrestrial 
compartment and generally low food resources. This 
allows the existence of troglobiont (and stygobiont) 
communities characterized by the absence of primary 
photosynthetic producers, with little presence of 
chemolithotrophic (except for the additional presence 
of sulfur or methane sources), and a more or less 
abundant animal community depending on the 
amount of nutrient input from the surface.
By considering the hypogenic karst/caves sensu 
Klimchouk & Ford (2009) and their lack of fauna, 
we suggest the concept of a singular hypogenic 
subterranean ecosystem separated from the classical 
or epigenic subterranean ecosystem. This hypogenic 
subterranean ecosystem should be defined as a 
network of micro, meso and macro subterranean 
spaces, which are excavated into karst rocks in 
confined conditions and thus isolated from the 
surface, resulting in semi-climatic-independence 
from the surface, a temperature slightly higher 
due to geothermal anomalies and without input of 
organic nutrients from the surface. This ecosystem 
may harbor an exclusive oligotrophic community of 
chemolitotrophic microorganisms that can be very 
abundant in sulfur-methane rich caves. Animal 
colonization only occurs once the confinement barrier 
with the surface or with other subterranean epigenic 
ecosystem is temporarily or definitively removed.
Hypogenic caves include some of the world’s largest 
caves, often lacking fauna or accommodating a poor 
troglobiont community. Once the hypogenic karst/
cave is opened to the surface, it might be colonized 
by faunal community in connection with other 
subterranean habitats better connected with the 
surface, or even by the passively carried by water or 
other animals (hydrochoria and zoochoria). In the 
case of sulfur-methane bacteria abundance, a rich 
faunal community can occur if the connection with 
unknown in Europe, spread through Africa and South 
America, and whose presence has been detected 
before in guano accumulation (Paulian & Delamare-
Deboutteville, 1948).
Both caves have poor communication with the surface, 
and thus they receive small contributions from the 
meteoric water that could bring organic matter, which 
may explain how only small populations of springtails 
and mites can exist in its deepest parts. Invertebrate 
colonization is still in its incipient phase. The recent 
connection to the surface of both caves and their isolation 
during the hypogenic formation seems to have impeded 
the colonization by geographically close troglobiont 
species, allowing only very recent colonization by non-
specialized arthropods.
The lack of troglobiont fauna in Autopista and Far 
caves match with the fauna data in the literature of many 
hypogenetic caves. For example, the caves quoted in the 
introduction (some of them among the largest in the 
world), are almost without invertebrate fauna, in spite of 
their rich bacterial and fungi diversity (e.g., Lechuguilla 
Cave; Cunningham et al., 1995). The same situation is 
known from other caves that are longer than 200 km, 
such as the Jewel Cave in South Dakota (Olson, 1977) 
or Optimisticheskaja and Zolushka in Ukraine, where 
only microorganisms have been recorded (Andrejchuk 
& Klimchouk, 2001; Ridush, pers. comm.).
Nevertheless, not all sulfidic caves could be considered 
to have a hypogenetic origin. The karstification by 
sulfides does not always happen in hypogenic karst/
caves, also in epigenic ones, especially when there is 
oxidation of pyrite or others sulfides. Eraso (1969) refers 
to 10 different speleogenetic processes in epigenic karst 
including sulphuric acid coming from oxidation of sulfurs. 
As such, we can consider some sulfidic caves as not truly 
or completely excavated in hypogenic conditions. This 
is the case with Ayyalon Cave (Israel) (Por et al., 2013), 
which does not have (or had) a confining layer and so 
its colonization from the surface was always possible. 
It is the same case for some Italian caves considered 
hypogenic such as the Buso della Rana Pisatella System 
(Tisato et al., 2012) and the well known Frasassi Caves 
(Italy) (Galdenzi & Sarbu, 2000; Sarbu et al., 2000). 
The Movile Cave (Romania) deserves special mention, 
given that it is an isolated ecosystem with a trophic web 
composed of 48 cave-dwelling invertebrates, 33 of them 
endemic to this system (Sarbu & Kane, 1995; Sarbu, 
2000). This rich community of invertebrates colonized 
the cavity over extensive periods of time in several distinct 
episodes (Sarbu, 2000) when the cave was connected to 
the surface before being resealed again.
On several occasions some authors write about sulfidic 
caves making references to their poor communication 
with the surface and the subterranean shallow habitats 
(Forti et al., 2002; Engel, 2007) but without a general 
consideration of the scarcity of the fauna in hypogenic 
karst/caves.
From these observations, the reasoning would be as 
follows: all subterranean hypogenic confined karst/caves 
must lack fauna in their active phase due to isolation 
(Figs. 1 and 8, phase t0), although they might contain 
a community of chemolithotrophic microorganisms, 
related or not to their speleogenesis processes. 
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morphological adaptation and do not complete their 
life cycle there. 2) Troglophiles alternate between the 
epigean and hypogean habitats or live permanently 
in subterranean habitats; they show some moderate 
adaptation, such as partly reduced eyes and 
adaptations to compensate for the lack of visual 
orientation. Some among these do not complete their 
life cycle underground, while others do. 3) Troglobionts 
complete their life cycle in a hypogean environment, 
and most of them clearly show troglomorphic 
characteristics, like eyelessness and depigmentation. 
In contrast to the frequent preference for these three 
ecological groups, Novak et al. (2012) found that, on 
the one hand, trogloxenes and troglophiles together 
represent a group of variously adapted species, rather 
than two ecologically clearly separated categories, 
and, on the other hand, troglobionts divide into two 
strictly separated subgroups.
Invertebrates are ectothermal and at their critical 
thermal minimum they enter chill-coma, where 
neuromuscular transmission and movement cease 
INTRODUCTION
Soon after the description of the leiodid beetle 
Leptodirus hochenwartii Schmidt, 1832 from the cave 
Postojnska jama−the first arthropod with conspicuous 
adaptation for living in hypogean habitats−intensive 
discussion began on the adaptation and ecology of 
animal species in the subterranean environment. 
Many ecological classifications of these organisms 
have been proposed, each of them being in particular 
restrained by the limited knowledge of species 
ecophysiology (Sket, 2008), and most of them 
burdened with the author’s subjective judgments. 
Though not universally accepted (Desutter-Grancolas, 
1999), the classification established by Schiner 
(1854) and Racovitza (1907) is sufficiently informative 
for many purposes in subterranean ecology and 
evolution (Boutin, 2004). It considers the three main 
ecological groups of animals in hypogean habitats: 
1) Trogloxenes are the least adapted for living in 
the subterranean environment; they exhibit no 
Most organisms are able to survive shorter or longer exposure to sub-zero temperatures. 
Hypothetically, trogloxenes characterized as not adapted, and troglophiles as not completely 
adapted to thermally stable subterranean environment, have retained or partially retained 
their ability to withstand freezing, while most troglobionts have not. We tested this hypothesis 
experimentally on 37 species inhabiting caves in Slovenia, analyzing their lower lethal 
temperatures in summer and winter, or for one season, if the species was not present in 
caves during both seasons. Specimens were exposed for 12 hrs to 1°C-stepwise descending 
temperatures with 48 hr breaks. In general, the resistance to freezing was in agreement 
with the hypothesis, decreasing from trogloxenes over troglophiles to troglobionts. However, 
weak resistance was preserved in nearly all troglobionts, which responded in two ways. One 
group, withstanding freezing to a limited degree, and increasing freezing tolerance in winter, 
belong to the troglobionts inhabiting the superficial subterranean habitats. The other group, 
which equally withstand freezing in summer and winter, inhabit deep subterranean or other 
thermally buffered subterranean habitats. Data on cold resistance can thus serve as an 
efficient additional measure of adaptation to particular hypogean environments.
Cold resistance; Slovenia; trogloxenes; troglophiles; troglobionts
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(Bowler & Terblanche, 2008; MacMillan & Sinclair, 
2011). After thawing, they reactivate from this 
reversible state, or−in cases where they have 
exceeded their lower thermal lethal minimum−
die. During late spring and early summer frosts, 
such recoveries or deaths are also usual in some 
species which periodically inhabit caves (Novak et 
al., 2004).
One possible measure to determine cold 
resistance is the supercooling point (SCP), which 
is the lowest temperature an animal reaches before 
freezing (Lee, 2010); however, the ecological validity 
of the SCP may sometimes be ambiguous (Renault 
et al., 2002). Lower lethal temperatures (LLTs) 
are a more authentic measure of survival ability, 
usually expressed as LT50, which is the measure 
of temperature at 50% mortality of individuals 
exposed to temperatures below 0°C (Leather et al., 
1995; Watanabe, 2002). 
Response to below-zero temperatures is one such 
additional measure that enables a comparative 
insight on the general scale. The scarcity of 
evidence about LLTs in terrestrial animal residents 
in caves (Sacharov, 1930; Kirchner, 1973; Pullin 
& Bale, 1986; Novak et al., 2004, 2007; Latella et 
al., 2008; Lencioni et al., 2010) does not provide 
consistent information on the topic, since these 
authors used a variety of experimental methods. 
Although not as stable as had previously been 
supposed, in the temperate zone, the temperature 
in the deep subterranean habitats like deep bedrock 
fissures and caves is close to the mean annual 
value in surface habitats (Luetscher & Jeannin, 
2004; Culver & Pipan, 2009a, b). However, freezing 
is usually not expected in caves. Consequently, 
the highest tolerance to sub-zero temperatures 
is expected in the trogloxenes and diminishes 
over the troglophiles to the troglobionts, which 
are adapted to the deep subterranean habitats. 
In practice, some aquatic (Hervant & Mathieu, 
1997; Issartel, 2007; Colson-Proch et al., 2009) 
and terrestrial troglobionts (Peck, 1974; Latella et 
al., 2008; Lencioni et al., 2010) clearly show cold 
resistance. On the other hand, most Antarctic and 
Alpine species, which in their microhabitats are 
thermally buffered at above-zero temperatures, 
are intolerant to freezing (e.g., Zettel, 2000; Block, 
2002; Elster & Benson 2004; Lipovšek et al., 2004; 
Novak et al., 2004). 
In this study, our aim was to establish to what 
extent the trogloxene−troglophile−troglobiont 
model fits with the expected decreasing resistance 
to temperatures below 0°C in selected central 
European and Dinaric species inhabiting caves. For 
this purpose we measured their LLTs in winter and 
summer, to detect eventual seasonal differences 
in the response. We also hypothesized that, within 
these species, the range of response to under-zero 
temperatures is widest in trogloxenes and diminish 
over troglophiles to troglobionts. Additionally, we 
tested whether, according to the LLTs, the presence 
of two troglobiont groups (shallow and deep sensu 
Novak et al., 2012) could be detected.
MATERIALS AND METHODS
Sample collection
Specimens of a representative series of 37 species 
divided among trogloxenes, troglophiles and 
troglobionts (Table 1) were selected for measurement 
of their LLTs. They were collected from 14 caves and 
abandoned mines (in the following text: caves) in 
Slovenia at altitudes of 365–760 m. Besides the two 
gastropod species, all the others were arthropods. 
The specimens were collected during two critical 
periods: in summer or in winter, or in both seasons 
if specimens were present in caves. In Amilenus and 
both Gyas species, individuals of various stages were 
present in summer (adults) and winter (nymphs), 
while adults, older and the younger larvae of both 
Troglophilus species occurred synchronically in caves. 
In principle, five individuals of each stage and sex−
depending on the species−of non-protected species, 
and three individuals each of the protected species 
were collected for the investigation. For a few species, 
we used a smaller number of specimens due to 
collecting difficulties.
In 54 ecologically investigated caves in Slovenia 
measured air temperature profiles (details in 
Novak, 2005; Novak et al., 2004, 2012) were used 
to characterize habitat temperatures of the species 
studied. For the habitats for each species, we calculated 
the mean, minimal and maximal temperatures (Tmean, 
Tmin and Tmax) to compare with the LLTs.
Laboratory analyses 
The following protocol was arranged to measure 
LLTs and simulate repeated frosts in natural habitat. 
The LLT measurements were carried out in a 
precise thermostatic cooling chamber THK/V1–2020 
(Elpromer, Slovenia) with a temperature adjustment 
of ±0.1°C, and a cooling/warming movement of 
~10°C/hr. Measurements started at -2.0°C and 
were stopped at -12.0°C. Experimental individuals 
were placed in groups of up to five specimens−
depending on their size and number−on a piece of 
wet paper in 2 dL vessels moistened every 5th day to 
prevent desiccation. After a two-day acclimation in a 
refrigerator at 6.0°C, the vessels were placed in the 
cooling chamber. The specimens were exposed to a 
particular temperature for 12 hrs, afterwards kept for 
48 hrs in the refrigerator at 6.0°C and then exposed to 
a temperature 1.0°C lower. Specimens’ condition was 
checked after 24 hrs at 6.0°C, when the eventual dead 
ones were removed. The procedure was repeated until 
all the specimens had died. 
Statistical analysis 
Specimens differing by sex and stage were first tested 
using the Mann-Whitney U test with a Bonferroni 
correction for two comparisons, and in Troglophilus 
neglectus where adults, older and younger larvae 
co-occurred, for six comparisons to analyze whether 
they differ in LLTs either in summer or winter (in 
the following: s and w). There were no significant 
differences in any experimental species (adjusted 
p value for sex: p>0.025, for T. neglectus: p>0.008) 
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in either s or w season, allowing the combining of 
all specimens of a species irrespectively of sex and 
developmental stage in further analyses. For the 
analysis of trends in cold resistance, the species mean 
seasonal LLTs were calculated.
For 28 species with both the s and the w LLT 
measurements, a normalized plot of the s vs. the 
w LLTs was used for graphical analysis of species 
pre-classified within trogloxenes, troglophiles and 
troglobionts (Table 2). Seasonal differences among 
categories in their mean LLTs were tested separately 
for s and w using analysis of variance (ANOVA), 
followed by a post-hoc mean separation by the Tukey 
Honest Significant Difference (HSD) test for unequal 
sample sizes. The effect size was calculated using the 
formula r = Z/√N; where Z = Kolmogorov-Smirnov Z 
and √N = square root of the sample size (Field, 2009). To 
demonstrate general trends in the response differences 
among trogloxenes, troglophiles and troglobionts, we 
calculated the integrated distributional curves of the s 
and w LLTs for each category. To evaluate the possible 
presence of two categories of troglobionts (Novak et 
al. 2012), if such two groups exist also according to 
their s and w LLTs, we grouped Ischyropsalis hadzii, 
Anophthalmus hitleri, Ceuthmonocharis pusillus, 
and C. robici robici as previously recognized shallow 
subgroup and Andronuscus stygius, Titanethes albus, 
Aphaobiella tisnicensis, and Leptodirus hochenwartii 
as deep subgroup for further detailed comparisson. 
The agreement of the LLTs with air Tmean, Tmin and Tmax 
at the settled sites within the 54 caves was tested 
using the correlation analysis. The data analysis was 
carried out with the statistical software SPSS 21.0.
RESULTS
Among the 37 species under study, 28 were collected 
from caves and tested for LLTs in s and w, five only in 
s and four only in w (Table 2). 
Seasonal differences in LLTs 
Seasonal differences between s and w LLTs of 
individual species varied from non-significant to 
highly significant (Table 2). Most species could 
equally withstand s and w LLTs, while a few were 
more resistant to s than to w freezing, and the reverse 
for a few other species. On average, the LLTs differed 
by less than 1°C between the seasons. Only a few 
taxa exhibited ≥1°C difference between the s and the 
w LLTs (Table 3). Within the groups, the s and w LLTs 
did not significantly differ in trogloxenes, but differed 
significantly in troglophiles (Mann-Whitney U test, 
U=1269.5, p=0.001) and troglobionts (Mann-Whitney 
U test, U=842.5, p<0.001). Their corresponding effect 
sizes were 0.045, 0.289 and 0.363, respectively, i.e., 
increasing from non-existent in trogloxenes over small 
in troglophiles to medium in troglobionts.
Differences in LLTs between the ecological groups 
The LLT range was the widest for the trogloxenes 
(s: -2−-12°C; w: -2−-10), and narrowed in the 
troglophiles (s: -2−-9; w: -2−-9) and even more so in 
the troglobionts (s: -2−-5; w: -2−-6). The resistance to 
freezing decreased from trogloxenes over troglophiles 
to troglobionts (Fig. 1). We obtained a statistically 
significant overall F test from the ANOVA for the mean 
LLTs in s (F2,30=6.97, p=0.003). Posteriori testing 
showed significant differences between trogloxenes 
and troglobionts (HSD for unequal N, p=0.017). 
Normalized results of the LLTs are shown in Fig. 2 
together with the best fits of error function (Gauss 
error function) to the data.
Subgroups in troglobionts
All troglobionts under study exposed a certain 
degree of freezing tolerance, i.e., they withstood 
temperatures below 2°C. A t test showed no significant 
difference between the s and the w LLTs in trogloxenes 
and troglophiles, while troglobionts demonstrated 
significantly lower LLTs in w (t=4.26, df=106, 
p<0.001). The troglobionts classified in the shallow 
Higher taxon Family Species
Gastropoda Helicidae
1  x Chilostoma (Josephinella) lefeburiana  
       (A. Ferussac 1821)
2  x Faustina illyrica (Stabile 1864)
Oniscoidea Trichoniscidae
3  t Andronuscus stygius (Nemec 1897)
4  t Titanethes albus (C. Koch 1841)
Araneae
Agelenidae 5  x Malthonica silvestris (L. Koch 1872)
Linyphiidae 6  f Troglohyphantes diabolicus         (Deeleman Reinhold 1978)
Nesticidae 7  x Nesticus cellulanus (Clerck 1757)
Tetragnathidae 8  f Meta menardi (Latreille 1804)9  x Metellina merianae (Scopoli 1763)
Opiliones
Sclerosomatidae
10 f Amilenus aurantiacus (Simon 1881)
11 x Gyas annulatus (Olivier 1791)
12 x Gyas titanus (Simon 1879)
13 x Leiobunum rupestre (Herbst 1799)
Ischyropsalididae 14 t Ischyropsalis hadzii Roewer 1950
Nemastomatidae
15 x Paranemastoma bicuspidatum  
        (C. L. Koch 1835)
16 x Paranemastoma quadripunctatum  
        (Perty 1833)
Microcoryphia Machilidae 17 x Trigoniophthalmus alternatus (Silvestri 1904)
Orthoptera Rhaphidophoridae
18 f Troglophilus cavicola (Kollar 1833),  
        w: adults + larvae
19 f Troglophilus neglectus (Krauss 1879),  
        w: adults + larvae
Lepidoptera
Geometridae 20 x Triphosa dubitata (Linnaeus 1758)
Noctuidae 21 x Scoliopteryx libatrix (Linnaeus 1758)
Nymphalidae 22 x Aglais io (Linnaeus 1758)
Coleoptera Carabidae 23 t Anophthalmus hitleri (Scheibl 1937)
24 f Laemostenus (Antisphodrus) schreibersii  
       (Küster 1846) 
Leiodidae 25 t Aphaobiella tisnicensis (Pretner 1956)
26 t Aphaobius milleri alphonsi (Müller 1914)
27 x Catops tristis (Panzer 1794)
28 t Ceuthmonocharis pusillus (Jeannel 1924)
29 t Ceuthmonocharis robici robici  
        (Ganglbauer 1899)
30 x Choleva sturmi (Brisout 1863)
31 t Leptodirus hochenwartii (Schmidt 1832)
Hymenoptera Ichneumonidae 32 x Diphyus quadripunctorius (Müller 1776)
Diptera Culicidae 33 x Culex pipiens (Linnaeus 1758)
Heleomyzidae 34 x Heleomyza (Heleomyza) cf. captiosa          (Gorodkov 1961)
Limoniidae 
35 x Chionea (Sphaeconophilus) austriaca  
        (Christian 1980)
36 x Limonia nubeculosa (Meigen 1804)
Mycetophilidae 37 f Speolepta leptogaster (Winnertz 1863), larvae
Table 1. Experimental species to determine LLTs. Biospeological 
categories: x trogloxene, f troglophile, t troglobiont. w winter.
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Species Ns/Nw
s-LLTs
Mean ± Sd
Min – Max
Ts caves
Mean
Min – Max
w-LLTs
Mean ± Sd
Min – Max
Tw caves
Mean
Min – Max
Species Ns/Nw
s-LLTs
Mean ± Sd
Min – Max
Ts caves
Mean
Min – Max
w-LLTs
Mean ± Sd
Min – Max
Tw caves
Mean
Min – Max
1 Chilostoma    
     lefeburiana
5 / 5
*
-3.6 ± 0.5
-4 – -3
16.4
15.1 – 17.6
-4.8 ± 0.4
-5 – -4
10.0
9.5 – 10.7 20 Triphosa dubitata
10 / 10
**
-8.4 ± 2.2
-11 – -5
11.8
7.0 – 21.5
-4.5 ± 0.5
-5 – -4
2.3
-4.8 – 9.1
2 Faustina illyrica 5 / 5ns
-4.2 ± 0.4
-5 – -4
13.7
8.5 – 22.0
-4.2 ± 0.4
-5 – -4
2.6
-3.6 – 9.6 21 Scoliopteryx libatrix
1 / 10
- -8
11.6
10.3 – 13.6
-5.7 ± 0.7
-7 – -5
3.4
-3.2 – 11.4
3 Andronuscus 
     stygius
10 / 10
ns
-3.5 ± 0.5
-4 – -3
9.0
9.0 – 9.1
-3.8 ± 0.4
-4 – -3
8.5
8.5 – 8.5 22 Aglais io
2 / 3
ns
-9.0 ± 0.0
-9 – -9
11.6
8.7 – 14.4
-9.0 ± 1.0
-10 – -8
5.2
5.2 – 5.2
4 Titanethes albus 10 / 10ns
-2.5 ± 0.7
-4 – -2
8.6
8.5 – 8.8
-2.6 ± 0.7
-4 – -2
9.0
9.0 – 9.1 23 Anophthalmus hitleri
2 / 2
-
-3.0 ± 0.0
-3 – -3
8.3
8.1 – 9.0
-4.5 ± 0.7
-5 – -4
8.2
8.1 – 8.2
5 Malthonica  
     silvestris
6 / 4
ns
-6.0 ± 2.2
-8 – -4
11.7
10.9 – 13.5
-6.0 ± 2.3
-8 – -4
2.2
0.6 – 3.6
24 Laemostenus  
      schreibersii
3 / 8
ns
-4.7 ± 0.6
-5 – -4
10.6
5.7 – 18.3
-4.9 ± 0.4
-5 – -4
6.9
5.2 – 9.0
6 Troglohyphantes  
     diabolicus
7 / 4
ns
-7.6 ± 1.6
-9 – -5
10.0
8.2 – 21.3
-7.8 ± 1.3
-9 – -6
5.7
-1.0 – 8.0
25 Aphaobiella  
      tisnicensis
6 / 6
ns
-3.0 ± 0.0
-3 – -3
9.8
9.8 – 9.9
-3.2 ± 0.4
-4 – -3
8.2
8.0 – 9.0
7 Nesticus cellulanus 10 / 10ns
-7.3 ± 1.3
-9 – -6
10.6
8.1 – 14.8
-7.0 ± 1.2
-9 – -6
6.2
3.1 – 9.6
26 Aphaobius milleri  
      alphonsi
- / 4
-
-3.8 ± 0.5
-4 – -3
7.5
6.1 – 9.1
8 Meta menardi 10 / 10ns
-3.4 ± 1.9
-8 – -2
12.6
6.0 – 22.0
-4.5 ± 1.5
-8 – -3
4.4
-4.5 – 11.4 27 Catops tristis
4 / -
-
-6.0 ± 0.8
-7 – -5
13.9
6.9 – 17.1
9 Metellina merianae 10 / 10ns
-6.6 ± 1.7
-8 – -3
12.5
7.2 – 22.0
-7.6 ± 1.2
-9 – -6
2.4
-3.6 – 11.4
28 Ceuthmonocharis  
      pusillus
6 / 6
**
-3.8 ± 0.4
-4 – -3
13.3
12.2 – 15.5
-5.2 ± 0.4
-6 – -5
9.8
9.8 – 9.9
10 Amilenus  
      aurantiacus
10 / 10
ns
-4.4 ± 0.5
-5 – -4
14.7
7.2 – 21.5
-4.8 ± 0.4
-5 – -4
5.5
-3.4 – 11.4 29 C. robici robici
6 / 6
**
-3.2 ± 0.4
-4 – -3
7.9
5.7 – 14.8
-4.8 ± 0.4
-5 – -4
10.2
9.8 – 10.5
11 G. annulatus 10 / 10***
-4.7 ± 0.5
-5 – -4
10.8
10.8 – 10.8
-2.6 ± 0.5
-3 – -2
5.7
2.1 – 8.4 30 Choleva sturmi
- / 2
-
-4.0 ± 0.0
-4 – -4
7.3
7.3 – 7.7
12 Gyas titanus 10 / 10ns
-3.4 ± 0.5
-4 – -3
10.4
10.4 – 10.4
-2.9 ± 0.7
-4 – -2
2.0
-3.5 – 6.5
31 Leptodirus  
      hochenwartii
6 / 6
ns
-3.8 ± 1.0
-5 – -3
8.6
8.5 – 8.8
-4.3 ± 0.5
-5 – -4
9.0
9.0 – 9.1
13 Leiobunum  
      rupestre
10 / -
-
-3.4 ± 0.5
-4 – -3
17.3
12.9 – 21.5
32 Diphyus  
      quadripunctorius
-  / 2
-
-7.5 ± 0.7
-8 – -7
5.9
2.6 – 8.4
14 Ischyropsalis  
      hadzii
6 / 6
**
-2.0 ± 0.0
-2 – -2
8.7
8.1 – 9.7
-3.5 ± 0.5
-4 – -3
8.6
8.6 – 8.7 33 Culex pipiens
2 / 5
ns
-5.5 ± 0.7
-6 – -5
15.7
8.5 – 21.5
-5.0 ± 0.0
-5 – -5
4.1
-2.5 – 9.9
15 Paranemastoma  
      bicuspidatum
10 / -
-
-3.8 ± 0.4
-4 – -3
9.2
7.7 – 12.2
34 Heleomyza cf.  
      captiosa
5 / -
-
-10.4 ± 1.8
-12 – -8
8.3
8.0 – 8.4
5.2
1.8 – 8.1
16 P. quadripunctatum 10 / 9***
-4.3 ± 0.5
-5 – -4
11.2
9.8 – 12.5
-7.4 ± 0.7
-8 – -6 35 Chionea austriaca
- / 1
- -7
5.3
1.6 – 8.9
17 Trigoniophthalmus 
      alternatus
10 / 10
***
-2.7 ± 0.5
-3 – -2
8.1
8.0 – 8.2
-4.0 ± 0.0
-4 – -4
4.1
-3.6 – 9.6 36 Limonia nubeculosa
10 / -
-
-4.7 ± 0.5
-5 – -4
10.9
5.8 – 22.0
18 Troglophilus  
      cavicola
10 / 20
**
-3.2 ± 0.4
-4 – -3
12.3
7.6 – 21.5
-4.2 ± 0.6
-6 – -4
6.9
0.1 – 11.4 37 Speolepta leptogaster
9 / 6
**
-4.1 ± 0.6
-5 – -3
11.1
7.1 – 20.4
-2.0 ± 0.0
-2 – -2
3.1
-3.5 – 8.4
19 T. neglectus 10 / 20*
-3.4 ± 0.5
-4 – -3
13.5
8.4 – 22.0
-4.6 ± 0.8
-6 – -4
5.8
-2.5 – 10.5
Table 2. Descriptive statistics of LLTs and ambient air T in 37 terrestrial invertebrate species inhabiting caves. Current numbers before species 
correspond to those in Table 1 and Fig. 1. Ns, Nw number of individuals in summer and winter; s-LLTs, w-LLTs summer and winter LLTs, and Mann-
Whitney U test significance of s-LLTs vs. w-LLTs (ns non significant, *<0.05, **<0.01, ***<0.001, - analysis could not be performed); Ts caves and 
Tw caves summer and winter temperature in cave sections where species occurred.
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 Troglobionts
1 31
8,19
14
29
23
3
18 25
10
24
17
28
22
6
7
9
2
5
16
21
20
33
11
37
12
4
Fig. 1. Summer and winter mean LLTs in 28 species (current numbers 
as in Table 2) with both summer and winter data. The dotted line 
represents the balance axis between the summer and winter LLTs.
subgroup, represented by Ischyropsalis hadzii, 
Anophthalmus hitleri, Ceuthmonocharis pusillus 
and C. robici robici, significantly enhanced their 
resistance to sub-zero temperatures in winter, 
lowering their w LLTs at an average of 1.5°C 
with respect to the s LLTs, while Andronuscus 
stygius, Titanethes albus, Aphaobiella tisnicensis 
and Leptodirus hochenwartii, classified in the 
deep subgroup, did not (Fig. 3). The species of 
the shallow troglobiont subgroup endured -2.0−-
3.8°C in summer and -3.2−5.2°C in winter, 
and the representatives of the deep troglobiont 
subgroup withstood -2.5−-3.8°C and -2.6—4.3°C, 
respectively. Between shallow and deep subgroup 
there was no statistical difference in s LLTs, while 
these differences were significant for w LLTs 
(Mann-Whitney U test, Z=3.55, p<0.001).
Correspondence between the LLTs and caves 
temperatures 
In all the species under study the LLTs were 
lower than Tmin in the cave placements where the 
specimens occurred. There were no correlations 
between the LLTs and Tmin, Tmean and Tmax and the 
placement of these specimens in the caves.
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2000; Block, 2002; Block & Zettel, 2003; Ansart 
& Vernon, 2003; Sinclair et al., 2003; Hodkova & 
Hodek, 2004; Danks, 2006; Lagerspetz & Vainio, 
2006; Hawes & Bale, 2007; Bowler & Terblanche, 
2008; MacMillan & Sinclair, 2011; Vesala & Hoikkala, 
2011). The stepwise 1°C-graded arrangement of our 
experiment does not allow precise determination of 
the LLTs; the real values may be, on average, about 
0.5°C higher. On the other hand, although frequent 
freezing and rethawing is not painful to insects, it 
does cause permanent injuries, which in turn lower 
their ability to sustain low temperatures (Marshall 
& Sinclair, 2011). Like SCPs, LLTs also depend on 
the duration of exposure to low temperatures; after 
long-term exposure, the organisms may die from the 
exhaustion of energy reserves (Renault et al., 2002). 
In our experimental species with low LLTs−mostly 
trogloxenes−these were probably underestimated 
because of many repeated refreezing and rethawing 
during the experimental procedure (cf. Marshall & 
Sinclair, 2011). Gyas annulatus represents a special 
case among trogloxenes, showing no freezing tolerance 
in winter, which is the consequence of overwintering 
in water current-close, thermostated overwintering 
habitats (Novak et al., 2004). Speolepta leptogaster 
among troglophiles and Ischyropsalis hadzii among 
troglobionts are further cases of seasonal intolerance.
DISCUSSION
Multiple freeze–thaw cycles in a single winter are 
common in surface habitats in temperate latitudes 
and may present significant challenges to survival 
in insect species (Marshall & Sinclair, 2011). While 
specimens in deep caves can effectively avoid extreme 
values, such conditions are expected widely in ice 
and other cold caves, the entrance cave sections and 
bedrock fissure systems connected with the surface 
and the SSHs (Gers, 1998; Růžička, 1999; Culver & 
Pipan, 2009a, b; Růžička et al., 2013). Most frequently 
subfreezing conditions occur in  winter conditions 
without snow, which is often caused by wind, 
especially the strong north-east wind, the bora (burja), 
with gusts of over 200 km∙hr-1 (WineAndWeather, 
2011) in the Dinaric region. The methodology used 
in our investigation simulated the repeated half-day 
frosts which occasionally affect the habitats of many 
species under study.
Cold resistance varies between and within 
species and depends on many factors, such as 
the developmental stage and age of an individual, 
its genetic potential, the season, the chill-coma 
temperature and the duration of exposure to low 
temperatures, nutrition, cold hardiness dynamics 
itself, diapause dynamics, photoperiodism, exposure 
to air currents, cryo-protective dehydration, the 
presence of nucleation agents and nucleation 
mechanisms, intracellular changes−such as 
mitochondrial disintegration, refreezing, experimental 
conditions etc., all these within the wide range of 
cryo-protection plasticity (Storey & Storey, 1988; 
Leather et al., 1995; Sømme, 1999; Worland et al., 
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Fig. 2. Normalized distribution curves of LLTs in trogloxenes, 
troglophiles and troglobionts exposed to 12-hr freezing intervals. The 
curves represent best fits to the error function to the data.
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Fig. 3. Summer and winter mean LLTs of troglobionts (species 
numbers as in Table 2). Species 14, 23, 28, 29 belong to the shallow 
subgroup, species 3, 4, 25, 31 belong to deep subgroup. The solid 
line represents the balance axis between the summer and winter 
LLTs and dotted lines are guide to the eye for winter mean LLTs (TW), 
which are lower than summer mean LLT (TS) for 0.26°C in the deep 
subgroup or 1.5°C, respectively.
The lowest T Trogloxenes Troglophiles Troglobionts
in summer 11 Gyas annulatus (-2.1)
20 Triphosa dubitata (-3.9)
21 Scoliopteryx libatrix (-2.3)
37 Speolepta leptogaster (-1.9)
in winter   9 Metellina merianae (-1.0)
16 Paranemastoma quadripunctatum (-3.1)
17 Trigoniophthalmus alternatus (-1.3)
  8 Meta menardi (-1.1)
18 Troglophilus cavicola (-1.0)
19 Troglophilus neglectus (-1.2)
14 Ischyropsalis hadzii (-1.5) 
23 Anophthalmus hitleri (-1.5)
28 Ceuthmonocharis pusillus (-1.4)
29 C. robici robici (-1.6)
Table 3. Taxa exhibiting ≥1°C difference between the average summer and winter LLTs. The differences vs. the opposite season are in °C in 
brackets. Numbers in front of the names as in Table 2.
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year. This subgroup appears to have adapted to the 
deep subterranean and any other subterranean habitat 
where freezing does not occur. Species carrying out its 
amphibious way of life, like Titanethes albus, known to 
submerge in water for long periods (Sket, 1986; Vittori 
et al., 2012), may avoid freezing in this way. Besides, 
species preferring the terrestrial phreatic environment 
(»milieu phreatique terrestre« sensu Jeannel, 1926), like 
Aphaobiella tisnicensis, are thermally buffered at above-
zero temperatures (Novak et al., 2012). Such intolerance 
to freezing in terrestrial animals has been reported also 
from other close-to-water subsurface habitats, e.g., 
beside glaciers (Zettel, 2000), and between pebbles and 
stones near water streams (Novak et al., 2004). 
CONCLUSIONS
Our study reveals that in central European and 
Dinaric trogloxenes, troglophiles and troglobionts, 
resistance to temperatures below 0°C generally 
decreases in accordance with their increasing 
adaptation to the hypogean habitat. Trogloxenes are 
most diverse in tolerance to sub-zero temperatures, 
from non-existent to high. Troglophiles are in between 
trogloxenes and troglobionts with this respect. Most 
troglobionts show moderate resistance to freezing, 
and are divided into the two identified ecological 
subgroups. Species of the first subgroup stand sub-
zero temperatures significantly better in winter than 
in summer; this indicates that they most likely−at 
least temporary in winter−experience freezing in their 
preferred habitats. The second troglobiont subgroup 
responds more or less equally in summer and winter, 
which is considered a residual evolutionary tolerance. 
Both such responses appear also in troglophiles.
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Microbial contamination is frequently detected 
at different springs discharging within this type 
of aquifer system (Celico et al., 2004; Naclerio et 
al., 2008, 2009) and in carbonate environments in 
general (e.g., Personné et al., 1998; Pronk et al., 2006; 
Flynn & Sinreich, 2010). Nevertheless, no information 
is available concerning the role low-permeability 
fault zones play in the migration of microorganisms 
between adjacent compartments.
Whether a fault zone will act as a conduit, barrier, 
or combined conduit-barrier system is controlled 
by the relative percentage of fault core and damage 
zone structures (e.g., in carbonates, Mollema & 
Antonellini, 1999; Salvini et al., 1999; Billi et al., 
2003; Billi, 2005a; Agosta & Aydin, 2006; Billi et 
al., 2007; Balsamo et al., 2008; Storti & Balsamo, 
2010). A fault zone can impede fluid flow when the 
fault core is well developed (e.g., Antonellini & Aydin, 
1994; Newman & Mitra, 1994; Goddard & Evans, 
1995; Caine et al., 1996; Bense et al., 2003; Fairley 
& Hinds, 2004). Fault cores can include single slip 
surfaces (Caine et al., 1991), highly indurated, 
INTRODUCTION
The influence of tectonic structure in controlling 
groundwater flow in classic karst aquifers is well 
documented in the international literature (e.g., Drogue, 
1974; Eraso, 1986; Bakalowicz, 2005; Goldscheider & 
Neukum, 2010). For example, Drogue (1974) shows that 
the main high-permeability conduits are often developed 
along fault zones. In contrast, a number of papers 
(e.g., Celico et al., 2006; Petrella et al., 2007, 2008, 
2009a) describes a different control of tectonic features 
on groundwater flow in some carbonate aquifers in 
Southern Italy. In the latter settings, the aquifer systems 
can be compartmentalized due to low-permeability fault 
zones that partially or completely impede groundwater 
flow (e.g., Celico et al., 2006; Mohamed & Worden, 
2006). In some cases, fault zones act as aquitards and 
groundwater flow-through has been experimentally 
verified (Celico et al., 2006; Petrella et al., 2009a) despite 
the fact that concentrated head losses and very high 
hydraulic gradients in the fault core have been measured 
(up to 66% in Celico et al., 2006).
The aim of this study was to experimentally verify the significance of microbial transport 
through low-permeability fault zones in a compartmentalized carbonate aquifer system in 
Southern Italy. The temporal variability of microbial communities in two springs fed by the 
same aquifer system, but discharging up- and down-gradient of two low-permeability fault 
zones, was analyzed using a 16S rDNA polymerase chain reaction-denaturing gradient 
gel electrophoresis (PCR-DGGE)-based approach. At both springs, a remarkable temporal 
variation in PCR-DGGE profiles was detected throughout the observation period. When 
comparing the PCR-DGGE profiles of the two springs, a synchronous evolution over 
time was observed. Moreover, the percent of PCR-DGGE bands common to both springs 
progressively increased from early (23%) to late recharge (70%), only to decrease once more 
in late recession (33%). Considering the hydrogeological and isotopic investigations and 
EC measurements, the results of biomolecular analyses demonstrate that, at the study site, 
compartments straddling the analyzed fault zones have microbial interconnections, despite 
the existence of low-permeability fault cores.
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zone; PCR-DGGE
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and the fracture spacing is sufficiently dense to allow 
the application of the continuum approach to describe 
groundwater flow at the metric scale (Petrella et al., 
2007). Darcy’s law can be applied in epikarstic horizons 
with some karstification, and groundwater flow is also 
expected to be laminar in the fissured bedrock (Petrella 
et al., 2008). The epikarst is widely distributed within 
the study site, with thickness ranging from a few tens of 
cm to approximately 10 m (Celico et al., 2010). However, 
the permeability contrast at the base of the epikarst is 
not large enough to cause water storage in temporary 
perched aquifers during rainwater infiltration (Petrella et 
al., 2007). Large karst conduits influence the functioning 
of the aquifer system locally in terms of groundwater flow 
and discharge (Petrella et al., 2009a).
In such a context, effective infiltration, groundwater 
flow, and microbial transport are diffuse in a well-
connected network of openings (Naclerio et al., 2008). 
The groundwater responds rapidly to recharge events 
due to fast and diffuse rainwater infiltration (Petrella 
et al., 2007). Measurements of the hydraulic head 
by means of pressure transducers in different wells 
drilled within the studied aquifer system indicated a 
time lag of less than a few days between a precipitation 
cataclastic zones (Chester & Logan, 1987), brecciated 
and geochemically altered zones (Sibson, 1977), or 
unconsolidated clay-rich gouge zones (Anderson 
et al., 1983). Some authors (e.g., Chester & Logan, 
1987; Antonellini & Aydin, 1994) have suggested that 
mineral precipitation and/or grain-size reduction 
generally yield fault cores with lower porosity and 
permeability than the adjacent protolith. Thus, fault 
core features are of utmost importance in controlling 
the migration of microorganisms through tectonic 
discontinuities behaving as aquitards, as significant 
cell removal is possible due to mechanical filtration 
and/or adsorption to clay particles (e.g., Harvey & 
Garabedian, 1991; Becker et al., 2003; Jiang et al., 
2007; Naclerio et al., 2009). For example, Janssen 
et al. (2011) studied porosity in core samples taken 
within the San Andreas Fault (California) and found 
the largest pores had an equivalent radius slightly 
greater than 200 nm, which is significantly smaller 
than bacterial cell size (typically up to a few microns). 
However, no works have analyzed the migration of 
microorganisms through low-permeability fault zones 
at field scale.
The main aim of the present study was to verify 
the significance of microbial transport through low-
permeability fault cores in a compartmentalized 
aquifer system in Southern Italy. As Italian law does 
not allow carrying out tracer experiments involving the 
inoculation of microorganisms into the environment, 
this topic was investigated by analyzing the temporal 
variability of microbial communities in two springs fed 
by the same aquifer system but discharging up- and 
down-gradient of two low-permeability fault zones. 
MATERIAL AND METHODS
Study area
The Matese Massif is a roughly East-West orientated 
mountain ridge. Its structure appears as a single 
N-vergent thrust sheet above a low angle thrust fault, 
which was later deformed by a footwall thrust sheet. 
The massif is characterized by extensive outcrops of 
platform carbonate rocks and related transitional facies 
of the pelagic basin to the North and East (Robustini et 
al., 2003). The study area extends over 7.65 km2 and 
is located within the northern portion of the Matese 
carbonate massif (Southern Italy; Fig. 1A), and is mainly 
composed of limestone (Monte Calvello and Monaci 
formations; Cretaceous-Oligocene) and subordinately 
of lower permeability rocks (Macchiagodena Formation; 
Oligocene-Burdigalian; De Corso et al., 1998). The 
Macchiagodena Formation consists mainly of marls and 
marly limestone. Monte Calvello and Monaci formations 
are mainly made up of calcarenites and calcirudites 
with intergranular material composed predominantly of 
spatic cement, biocalcarenites and biocalcirudites.
Carbonate rocks have very low matrix permeability 
but are extensively fissured. Natural gradient tracer 
experiments yielded a porosity given by fissures of 2.3 
x 10-4 (Petrella et al., 2008). Lugeon tests indicated 
limestone hydraulic conductivity on the order of 10-6 
m s-1 (Petrella et al., 2007). The carbonate medium is 
laterally and vertically well connected in the subsurface, 
Fig. 1. Hydrogeological maps at different scale (A, B, C) and cross-
section of the test site (D). 1) Quaternary deposits; 2) siliciclastic 
and marly-clayey-calcareous successions; 3) marls and clays; 4) 
limestone; 5) dolostone; 6) aquifer boundary; 7) fault; 8) perennial 
spring; 9) seasonal spring; 10) observation well; 11) groundwater flow 
direction; 12) fault zone.
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temporary springs in the same aquifer system (see for 
example Petrella et al., 2009a), discharging up to some 
or several tens of liters per second a few times a year.
Springs discharge measurements, water sampling 
and EC measurements
The discharge of both the AB and PB springs was 
monitored monthly from June 2010 to June 2011 
using a current meter.
Spring water samples for biomolecular analyses were 
collected from the AB and PB springs approximately 
every month from November 2010 to May 2011, when 
both springs discharged. Water samples (2 liters each) 
were collected in sterile bottles and transported in a 
refrigerated box to the laboratory. 
Spring water samples for stable isotope 18O analyses 
were collected from AB and PB on a monthly basis 
from July 2010 to February 2011. These analyses 
were carried out from late recession 2009/2010 to 
early recharge 2010/2011 to trace the arrival of PB 
water to the AB spring. During stable isotope analysis 
sampling, the electrical conductivity (EC) of the spring 
water was measured with a WTW probe (accuracy 
±0.5% of the value).
Isotopic Investigations
Isotopic investigations (as well as EC measurements) 
were conducted to gather data independent from the 
microbiological features of the studied groundwater. 
The isotopic content of the spring waters was utilized 
to trace the interconnection between the analyzed 
springs, considering the known “altitude effect” 
(Dansgaard, 1954), which allows for discrimination 
between rainwater precipitated at different altitudes 
and before effective infiltration into the aquifer 
system. In the studied system, the significance of 
the altitude effect has been experimentally verified 
(Petrella et al., 2009a), and the perennial spring 
discharge compartment has a mean elevation 
(approximately 1020 m asl) significantly lower than 
that (approximately 1250 m asl) of the up-gradient 
compartments feeding the seasonal spring PB.
Isotopic analyses (18O) were carried out at the 
Laboratorio di Geochimica Isotopica of the University 
of Parma, Italy. The analytical precision of the oxygen 
isotopic analysis is ±0.1‰. The oxygen isotopic 
composition is reported as ‰ vs. V-SMOW (Vienna 
Standard Mean Ocean Water).
Biomolecular Investigations
Within 8 h post-collection, the spring water samples 
were filtered through mixed esters of cellulose filters 
(S-PakTM Membrane Filters, 47 mm diameter, 0.22 µm 
pore size, Millipore Corporation, Billerica, MA, USA). 
Immediately after filtration, the filters were stored at 
-80°C until nucleic acid extraction.
DNA was extracted from filters using a PowerWater® 
DNA Isolation Kit (MO BIO Laboratories, Inc., 
Carlsbad, CA, USA).
Bacterial 16S rDNA fragments were amplified using 
nested PCR. For the primary amplification PCR was first 
conducted with the primers 27F and 1492R (Chong et 
al., 2009). The PCR mixtures contained 2 µl of extracted 
event and a rise in groundwater level (e.g., Celico et 
al., 2006).
In the test area, the unconfined aquifer is bounded 
by fault zones that act as barriers to groundwater flow, 
due to calcite-filled cataclasite, and compartmentalize 
the aquifer system (Celico et al., 2006; Petrella et al., 
2009a). However, some fault zones allow for significant 
groundwater flow-through, and interdependence of 
hydraulic heads up- and down-gradient of these faults 
has been observed (Celico et al., 2006). The aquifer 
behaves as a basin-in-series system, where the hydraulic 
head indicates a step-like shape and seasonal and 
temporary springs occur along some fault zones (Celico 
et al., 2006; Petrella et al., 2009a). At the basin scale, 
the groundwater flows westwards towards the perennial 
spring AB (Fig. 1B and C). The seasonal spring PB (1065 
m above sea level, asl; discharge 0 to 0.44 m3 s-1 in Celico 
et al., 2006; mean annual discharge of 0.09 m3 s-1) and 
perennial spring AB (980 m asl; mean annual discharge 
of 0.04 m3 s-1 in Petrella et al., 2007) analyzed within the 
present study, discharge at different altitudes along the 
same flow path. The difference in elevation between AB 
and PB is partially due to the concentrated hydraulic head 
loss within the low-permeability fault zones (investigated 
in Celico et al., 2006) that are interposed between the 
springs (Fig. 1D). This head loss is due to the very high 
hydraulic gradient within the low-permeability fault core 
(up to 66%; Celico et al., 2006).
The perennial spring AB discharges from a small 
compartment, which has been nearly completely 
protected since the 1980s, as the spring water is a 
drinking water source. Grassland covers nearly the 
entire compartment. Conversely, the land use in the 
other compartments of the same aquifer system is 
characterized by cattle grazing (several hundred heads 
of cattle, 55% of the total area) and beech woodland (45% 
of the total area).
The Thornthwaite water budget method (Thornthwaite 
& Mather, 1957) was used to provide an estimate of 
net infiltration. An estimate of runoff was obtained 
by utilizing the experimental results of surface water 
monitoring in different catchment areas of the Italian 
limestone Apennines (Boni et al., 1982). The results 
obtained indicate that all groundwater recharge during 
an average year occurs from October to June. The 
major recharge event occurs from December to April. In 
July, August and September, the weather is warm and 
evapotranspiration generally exceeds precipitation. The 
annual average rainfall level in the study area is 1240 
mm, and the annual average net recharge is 630 mm 
(approximately 51% of the annual average rainfall level). 
These values were estimated based on precipitation and 
temperature data recorded over an 80-year period (1921 
to 2000).
Taking into consideration the extension of the 
catchment area (about 7.6 km2), the annual average net 
recharge is about 4.8 x 106 m3 y-1, in agreement with 
the total mean annual discharge which was measured at 
the springs (about 4.1 x 106 m3 y-1). The slight difference 
between estimated recharge and measured discharge 
can be explained taking into consideration (i) the known 
approximation of the methodological approach usable 
to calculate the water balance and (ii) the existence of 
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RESULTS AND DISCUSSION
Hydrogeological and Isotopic Investigations
Effective infiltration began in early November 2010, 
when hydraulic head rise caused the AB discharge 
to increase and the seasonal spring PB to discharge 
(Fig. 2). During the observation period, two main 
recharge phases were observed over time according 
to the precipitation distribution. The double-peak 
hydrograph was not influenced by rapid infiltration or 
flow within karstic systems. In fact, as demonstrated 
in several studies carried out within the same aquifer 
system (e.g., Petrella et al., 2007), the multiple-peak 
hydrograph is strictly related to groundwater level 
fluctuations in the fissured carbonate bedrock. A 
sequence of two or more recharge and recession 
phases within the same hydrologic year is due to the 
fast and diffuse effective infiltration of rainwater within 
the topsoil and fissured unsaturated carbonates.
nucleic acids, 0.5 µM of each primer, 250 µM of each 
type of deoxyribonucleotide triphosphate, 10 µl of 5X 
GoTaq® Flexi Buffer, 1.25 U GoTaq® DNA Polymerase, 
1.5 mM MgCl2 (Promega Corporation, Madison, WI, 
USA) and sterile MilliQ water for a final volume of 50 µl.
PCR amplification was performed using the following 
program: 95°C for 2 min, 20 cycles of denaturation 
at 92°C for 45 s, annealing at 50°C for 2 min, and 
extension at 72°C for 1 min and 45 s, and a single 
final extension at 72°C for 5 min.
For the secondary amplification, the primer pair 
341F-GC (with 40 bp GC-clamp) and 907R (Chong et 
al., 2009) was used. The reaction mixtures consisted of 
1 μl of template, 0.5 μM of each primer, 400 µM of each 
deoxyribonucleotide triphosphate, 10 µl of 5X GoTaq® 
Flexi Buffer, 1.25 U GoTaq® DNA Polymerase, 1.5 mM 
MgCl2 (Promega Corporation, Madison, WI, USA) and 
sterile MilliQ water for a final volume of 50 µl.
Touchdown PCR was performed with an initial 
denaturation step of 94°C for 5 min, 10 touchdown 
cycles of 94°C for 1 min, 65°C (-1°C per cycle) for 1 min 
and 72°C for 3 min, 5 cycles of 94°C for 1 min, 55°C 
for 1 min and 72°C for 2 min, and a final elongation 
step of 72°C for 4 min.
The presence of PCR products was confirmed by 
analyzing 5 µl of product on 1.5% agarose gels and 
staining with ethidium bromide.
DGGE was performed with the BIO-RAD DCodeTM 
Universal Mutation Detection System. 
DGGE consists of an electrophoretic separation of PCR 
products in a polyacrylamide gel containing a gradient 
of chemical (urea and formamide) denaturants. As the 
DNA molecule encounters the appropriate denaturant 
gradient, a sequence-dependent, partial denaturation 
of the double strand occurs. This change in the 
conformation of the DNA structure causes a reduced 
migration rate of the molecule. When the method is 
used for microbial profiling, after amplification of the 
target gene, the complex mixture of the DNA molecules 
can be differentiated. Bands visible in DGGE gels 
represent components of the microbiota. Using this 
method, it is possible not only to profile the microbial 
populations, but also to follow their dynamics over 
time (Cocolin et al., 2013).
PCR samples were loaded onto 7% (wt/vol) 
polyacrylamide gels in 1X TAE (40 mM Tris base, 20 
mM acetic acid, glacial, 1 mM EDTA [pH 8.0]). The 7% 
(wt/vol) polyacrylamide gels (acrylamide/Bis solution, 
37.5:1; BIO-RAD Laboratories, Inc., Hercules, CA, USA) 
were made with denaturing gradients ranging from 35% 
to 60% (where the 100% denaturant contains 7 M of 
urea and 40% deionised formamide). The electrophoresis 
was performed at 60°C for 16 hours at 70 V. After 
electrophoresis, the gels were soaked for 15 min in 250 
ml of 1X TAE running buffer and 0.5 µg/ml ethidium 
bromide, rinsed for 15 min in 250 ml of 1X TAE running 
buffer and photographed with the Chemi-Doc System 
(BIO-RAD Laboratories, Inc., Hercules, CA, USA).
A cluster analysis of the DGGE patterns was 
performed using FPQuest Software Version 5.1 (BIO-
RAD Laboratories, Inc., Hercules, CA, USA). The 
similarity in the profiles was calculated based on the 
Dice coefficient with the UPGMA clustering algorithm.
Fig. 2. Rainfall, spring hydrographs, variation of 18O values and EC 
in spring water over time (dates are given as day.month.year).
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compartmentalized aquifer system. This difference 
might be due to the fact that this system does not 
behave as the classic karstic aquifers (Naclerio & 
Celico, 2010). Therefore, as hypothesized by Petrella 
et al. (2009b), bacterioplankton communities in the 
studied systems can be tentatively used to trace the 
hydraulic interaction between compartments and 
then flow-through along the low-permeability fault 
zones that separate the compartments.
When analyzing the results of the cluster analyses, 
the following scenario emerges. First, the water 
samples collected from PB and AB at the beginning 
of the recharge (in early November 2010, when huge 
effective infiltration causes the hydraulic head to rise 
and the seasonal spring to discharge) are significantly 
different. From this moment on, some sub-clusters 
can be observed, allowing for the grouping of monthly 
AB and PB samples during the observation period. 
Therefore, although cluster analysis indicates band 
pattern inconsistency, the analysis also reveals that 
the band pattern evolution over time was synchronous 
after some weeks from the beginning of recharge. 
This synchronicity during recharge demonstrates 
that monthly variations in band patterns in the up-
gradient compartments cause similar variations in 
the down-gradient compartment, therefore suggesting 
important groundwater inflow and bacterial cell 
migration through the investigated low-permeability 
fault zones.
These statements are further supported by 
observing the evolution over time of RDGGE versus 
the PB hydrograph (Fig. 4), where RDGGE is the ratio 
between the bands detected in both springs and 
the total bands detected in AB, when analyzing the 
DGGE profiles of each sampling campaign using 
the band matching procedure. This hydrograph is 
representative of hydraulic head fluctuations up-
gradient of the analyzed faults and is directly linked 
to variations in groundwater flow-through along the 
same tectonic discontinuities. In fact, at the beginning 
of the recharge, RDGGE was initially very low (0.23) while, 
during recharge, it progressively increased month 
by month, until March 2011, when the maximum 
discharge was measured at PB. In February 2011, a 
slight decrease in RDGGE was observed, corresponding 
to a temporary decrease in discharge at PB. At the 
end of the high flow period (March 2011), RDGGE was 
close to 0.70. From this month onward, a progressive 
decrease in common bands was observed, together 
From March 2011 onward, no significant effective 
infiltration was observed and the groundwater level 
progressively decreased. In June 2011, groundwater 
level reductions caused the seasonal spring PB to dry 
out (Fig. 2).
The mean 18O value of the perennial spring AB 
(-8.48‰ vs. SMOW; Fig. 2) did not demonstrate any 
significant variations during the low flow period, as the 
slight fluctuations were always lower than the 2 error 
of the analyses. Conversely, a significant decrease 
in isotopic content was observed several weeks 
after the beginning of the seasonal recharge, at the 
activation of the seasonal spring PB, with 18O values 
varying from -8.37‰ to -8.70‰. During the same 
sampling period, the seasonal spring PB presented 
18O content very close to the content observed in the 
water of spring AB. When both springs were active, 
a synchronous variation over time of the isotopic 
content was observed until the end of the observation 
period (February 2011; Fig. 2).
In detail, the rapid groundwater level rise in November 
2010 caused seasonal spring PB to discharge and the 
groundwater flow-through along the low-permeability 
faults (interposed between the perennial and 
seasonal springs) to increase rapidly. The increase 
in groundwater flow-through along these faults was 
clearly demonstrated by (i) the homogenization of AB 
and PB isotopic composition and (ii) the 18O values of 
AB spring (that are lower than those observed at the 
same spring during the low-flow period). In fact, these 
phenomena indicate that the groundwater coming 
from the up-gradient compartments (characterized 
by higher mean altitude) reached spring AB, causing 
the 18O values of the entire analyzed subsystem to be 
nearly homogeneous from an isotopic point of view.
These statements are further supported when 
examining the variation of EC over time (Fig. 2), which 
clearly demonstrates the same phenomenon described 
above. During the activation of the seasonal spring PB, 
the EC of the AB water increased from approximately 
310 µS/cm to approximately 340 µS/cm, indicating a 
value very close to that of PB water. After this increase, 
the EC of both springs varied synchronously over time 
throughout the observation period.
Biomolecular Investigations
Comparison of 16S rDNA polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-DGGE) 
profiles recovered from the AB and PB spring water 
samples revealed remarkable temporal variation of the 
observed band patterns throughout the observation 
period in relation to each outflow. Cluster analysis 
(Fig. 3) using the total number of PCR-DGGE profiles 
did not indicate any stable cluster, with overall similarity 
ranging from 47% to 87%. This result is in agreement 
with those obtained in the same aquifer system when 
comparing microbial communities detected in spring- 
and ground-water samples collected once in another 
compartment (Petrella et al., 2009b). Therefore, these 
results further confirm, as opposed to other European 
carbonate (karstic) aquifers (e.g., Farnleitner et al., 
2005; Pronk et al., 2009), that a single autochthonous 
microbial community does not exist in the studied 
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cataclastic zone (Celico et al., 2006). In such a context, 
heterogeneous fracture sealing is plausible due to 
differences in the precipitation rate of calcite, which 
depends on flow rate, pressure variation, fracture 
thickness and fluid composition (e.g., Lee et al., 1996; 
Lee & Morse, 1999). Model simulations (Frima et al., 
2005) indicate that for a given fracture and given 
oversaturated fluid, the sealing time depends mainly 
on fluid velocity. A high velocity favors precipitation by 
supplying a sufficient amount of dissolved elements 
in time and space. Moreover, hydraulic heterogeneity 
within these types of fault cores can be further 
enhanced by the precipitation and dissolution of calcite 
that can successively occur through time, resulting in 
the partial widening of sealed fractures.
The existence of fractures within the low-permeability 
fault core further supports the conceptual model. In 
fact, it is known that rapid contaminant migration 
is allowed through an aquitard when it is laterally 
extensive but characterized by fractures because the 
fractures diminish aquitard integrity (Cherry et al., 
2006). With regard to particle transport (e.g., bacterial 
cells), McKay et al. (1993) demonstrated the very 
rapid horizontal transport of colloid tracers in a field 
experiment in a weathered, intensely fractured zone 
of a surficial clayey aquitard. The colloid-size tracers 
moved much faster than the solute tracers because 
the solutes were strongly retarded by matrix diffusion. 
In a wider context, heterogeneity within a fault 
core in carbonates can be further emphasized by 
complex fault core facies association (e.g., Bastesen & 
Braathen, 2010) due to the coexistence of shale smear 
and clay gouge (e.g., Lindsay et al., 1993; Yielding et 
al., 1997), carbonate breccia (Billi, 2005b; Micarelli 
et al., 2003, 2006) and/or secondary calcite (e.g., 
Benedicto et al., 2008).
These results can also be applied in other 
hydrogeological settings where discontinuous 
heterogeneity is observed. For example, in granitic 
aquifers, faults with low hydraulic conductivity can 
strongly reduce the hydraulic interconnection between 
adjacent blocks and thus cause compartmentalization 
(e.g., Benedek et al., 2009).
Based on this conceptual model, point and non-point 
sources of pollution can significantly contaminate 
spring waters, even if one or more low-permeability 
fault zones are interposed between these sources and 
the springs. According to Cherry et al. (2006), the 
presence of fractures generally diminishes aquitard 
integrity, thereby allowing for contaminant migration 
through this type of low-permeability fault zone. Thus, 
the results of this study are of utmost importance when 
analyzing contaminant transport and delineating 
protection zones within compartmentalized aquifer 
systems, where chemical and/or microbial pollutants 
are introduced into the environment.
CONCLUSIONS
The present study analyzes the microbial transport 
through low-permeability fault cores at the field scale, 
using a multidisciplinary approach. The main results 
can be summarized as follows:
with a progressive decrease in discharge at PB. In May 
2011, when PB was drying out, RDGGE (0.33) was close 
to that (0.23) observed during early recharge.
Conceptual model
Considering both the hydrogeological features and 
hydraulic behavior of the studied aquifer system 
(Celico et al., 2006; Petrella et al., 2007, 2009b; Petrella 
& Celico, 2013), the results of isotopic investigations 
and the EC measurements that were conducted 
during this study, the results of biomolecular analyses 
support the following conceptual model (Fig. 1D):
a. The perennial spring AB discharges from a very 
small nearly completely protected compartment, 
and is used as a drinking water source; thus, 
at the beginning of the recharge, the microbial 
community in AB is nearly completely influenced 
and defined by the autochthonous microbiota of 
this protected compartment.
b. As this compartment is characterized mainly by 
land use (grassland) different from those (pasture 
and woodland) characterizing the up-gradient 
compartments, its microbiota differs from that 
observed in the up-gradient compartments.
c. Therefore, during recharge, within the basin-
in-series system, the groundwater coming from 
the up-gradient compartments transport the 
microbiota of these sub-systems towards AB.
d. The inflow of microorganisms from the up-
gradient compartments is clearly demonstrated 
by the progressive increase in common bands 
between the AB and PB PCR-DGGE profiles and 
the nearly synchronous evolution over time of 
both profiles each month.
e. As the arrival at AB of groundwater coming 
from the up-gradient compartments is clearly 
demonstrated by isotopic investigations and 
EC measurements, the results of biomolecular 
investigations suggest that (i) microorganisms 
can migrate through the low-permeability fault 
zones interposed between the two springs and 
(ii) their migration is influenced by aquifer 
hydrodynamics in the entire basin-in-series 
aquifer system.
This conceptual model is in agreement with the 
observation that at the study site, the low permeability 
of the fault cores is significantly influenced by mineral 
precipitation into pre-existing wider fissures within the 
Fig. 4. Hydrograph of the seasonal spring PB (full line) and the ratio 
(RDGGE) between the bands detected in both springs and the total bands 
detected in AB (dashed line) (dates are given as day.month.year).
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Benedicto A., Plagnes V., Vergély P., Flotté N. & 
Schultz R.A., 2008 - Fault and fluid interaction in 
a rifted margin: integrated study of calcite-sealed 
fault-related structures (Southern Corinth margin). In: 
Wibberley C.A.J., Kurz W., Imber J., Holdsworth R.E. 
& Collettini C. (Eds.) - The Internal Structure of Fault 
Zones: Implications for Mechanical and Fluid-Flow 
Properties. Geological Society, Special Publications: 
257-275.
Bense V.F., Van den Berg E.H. & Van Balen R.T., 2003 
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Rift System, The Netherlands. Hydrogeology Journal, 
11 (3): 319-332.
http://dx.doi.org/10.1007/s10040-003-0262-8
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Journal of Structural Geology, 27 (9): 1630-1643. 
http://dx.doi.org/10.1016/j.jsg.2005.05.001
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Structural Geology, 25 (11): 1779-1794. 
http://dx.doi.org/10.1016/S0191-8141(03)00037-3
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R., 2007 - Fracture-controlled fluid circulation and 
dissolutional weathering in sinkhole-prone carbonate 
rocks from central Italy. Journal of Structural Geology, 
29 (3): 385-395. 
http://dx.doi.org/10.1016/j.jsg.2006.09.008
Boni C., Bono P. & Capelli G., 1982 - Calculation of 
effective infiltration in a carbonate aquifer in central 
Italy. Comparison with different types of aquifers 
(Valutazione quantitativa dell’infiltrazione efficace in 
un bacino carsico dell’Italia centrale. Confronto con 
analoghi bacini rappresentativi di diversa litologia). 
Geologia Applicata e Idrogeologia, 17: 437-452.
Caine J.S., Coates D.R., Timoffeef N.P. & Davis W.D., 
1991 - Hydrogeology of the Northern Shawangunk 
Mountains. New York State Geological Survey Open-
File Report 1g806: 72 p.
Caine J.S., Evans J.P. & Forster C.B., 1996 - Fault zone 
architecture and permeability structure. Geology, 24 
(11): 1025-1028. http://dx.doi.org/10.1130/0091-
7613(1996)024<1025:FZAAPS>2.3.CO;2
Celico F., Varcamonti M., Guida M. & Naclerio G., 
2004 - Influence of precipitation and soil on transport 
of fecal enterococci in limestone aquifers. Applied and 
Environmental Microbiology, 70 (5): 2843-2847. 
http://dx.doi.org/10.1128/AEM.70.5.2843-2847.2004
Celico F., Petrella E. & Celico P., 2006 - Hydrogeological 
behaviour of some fault zones in a carbonate aquifer of 
Southern Italy: an experimentally based model. Terra 
Nova, 18 (5): 308-313. 
http://dx.doi.org/10.1111/j.1365-3121.2006.00694.x
Celico F., Naclerio G., Bucci A., Nerone V., Capuano P., 
Carcione M., Allocca V. & Celico P., 2010 - Influence 
of pyroclastic soil on epikarst formation: a test study in 
southern Italy. Terra Nova, 22 (2): 110-115. 
http://dx.doi.org/10.1111/j.1365-3121.2009.00923.x
Cherry J.A., Parker B.L., Bradbury K.R., Eaton T.T., 
Gotkowitz M.B., Hart D.J. & Borchardt M.A., 2006 - 
Contaminant Transport Through Aquitards: A State-of-
the-Science Review. Awwa Research Foundation, 126 p.
• Biomolecular investigations clearly demonstrated 
that at the study site, compartments straddling 
the analyzed low-permeability fault zones have 
hydraulic and microbial interconnections, 
which could also allow for the transport of 
chemical pollutants from up- to down-gradient 
compartments.
• From the methodological point of view, the 
approach used in this study has the advantage of 
analyzing the effect of low-permeability fault cores 
on the migration of microorganisms in a saturated 
aquifer, avoiding possible misunderstandings 
related to indirect speculations based on 
core characterization. Data acquired through 
studies of exposed fault rocks can be limited 
because exhumed fault rocks are altered during 
exhumation, obscuring fault-related mineral 
assemblages and textures and thus increasing 
the possibility of wrong interpretations regarding 
the transport of bacterial cells.
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(Veress et al., 2009; Salomon, 2003) but few studies 
have been done on the genesis of the Ankarana caves 
and landforms.
PRESENTATION OF THE AREA
Geography
The Ankarana is located in the province of Diana, 
in the northernmost part of Madagascar, about 80 km 
SW of Antsiranana and 30 km NW of Ambilobe (Fig. 1). 
It is a tabular limestone block, about 35 km long, 
with a maximum width of 10 km and a general NE-
SW orientation. The surface elevation of the plateau 
ranges from 300 m to the north, to a few tens of 
meters at its southern end. It is bordered to the NW 
by an escarpment, the Ankarana Wall, that reaches a 
height of 200 m (Fig. 2). 
The plateau is subdivided by a series of canyons 
and corridors, roughly perpendicular to the Ankarana 
Wall. The Ankarana contains a huge network of caves, 
that are often very large. The tsingy (a type of pinnacle 
karst) forms the plateau surface (Veress et al., 2009; 
Salomon, 2009) (Fig. 3).
The plateau is divided into three units, from north 
to south (Fig. 4):
• the North Ankarana that forms a massive block, 
intersected by deep and narrow canyons, 
INTRODUCTION
Among the various karst areas of Madagascar 
(Mahafaly, Bemaraha, Namoroka, Narinda and 
Mikoboka), the Ankarana limestone plateau in 
Ambilobe (Madagascar) is one of the most important 
and the most accessible. A cave network, more than 
one hundred kilometers long, was explored there. Due 
to the presence of volcanoes and lava flows around the 
plateau, it is possible that karst landforms and speleo-
genesis were induced by volcanism or magmatism. 
This paper presents a few observations and com-
pilations that support this hypothesis. It suffers from 
the lack of detailed field and laboratory data and must 
be considered as a preliminary research in view to 
trigger further investigations. 
The main features of the geology and geomorphology 
were defined by de Saint Ours (1958). The geological 
map (Ambilobe-Betsiaka U32-V32 sheet) was 
published in 1963, by the Geological Survey of 
Madagascar under the direction of Besairie (1973). 
Various geological and geo-morphological studies 
were performed by Battistini (1965) and Rossi (1973, 
1974). The latter published an important work on 
the Extreme-North of Madagascar (Rossi, 1980) in 
which he details the Ankarana geomorphology. 
Recent work was done to characterize the tsingy 
The Ankarana is a limestone plateau in the northern part of Madagascar, where a cave system, 
more than 120 km long, has been explored. The plateau is bordered by volcanoes and is cut 
across by several canyons. An analysis of surface landforms and caves suggests that the 
karst genesis was probably initiated by volcanism beneath an impervious cover. Volcanic 
bulging and magma intrusions may have favored a basalt-limestone assimilation process and 
metamorphism. The ascent of deep volcanic fluids (CO2 and SO2) from magma degassing 
and from limestone metamorphism, may explain the speleogenesis. Once denuded, the 
karst evolved classically, but the selective erosion of metamorphosed rocks (more likely to 
be weathered than pure limestone), resulted in the creation of unusual landforms such as 
canyons and large circular basins.
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• the three Mananjeba Buttes - they are separated 
from the previous unit by the enlargement of a 
major canyon. 
• the Southern Buttes - at the southern end of 
the massif, they form a set of five small isolated 
massifs. 
The climate is tropical, with a pronounced dry season 
in winter, from May to October. The temperature 
varies from 24.5°C to 28.3°C (Rossi, 1980).
The surrounding impervious formations collect 
rainfall and feed several rivers that disappear upon 
contact with the limestone (Fig. 4). The five major 
rivers in the region are, from north to south :
• the Andranotsisiloha (out of map), which sinks 
partially into impenetrable boulders in the 
extreme northern part of the massif;
• the Besaboba, which disappears completely into a 
vast shaft, on the eastern part of the massif. During 
the rainy season, this shaft is totally flooded and 
the Besaboba continues running southward;
• at the southwestern end of the North Ankarana 
area, two karstic springs, the Ankara spring and 
the Resurgence Maurice, feed the Antenanan-
karana River that runs toward west, to the sea. The 
discharge during the dry season is about 1.5 m3s-1. 
To the south, the two main rivers are the Mananjeba 
and the North Mahavavy. These two rivers run 
through the vast Ambilobe alluvial plain. They 
divide into several, more or less parallel, branches. 
They have dismantled the southernmost extremity 
Fig. 1. Location of the Ankarana Plateau and the main karst areas of 
Madagascar. 
Fig. 2. The Ankarana Wall, the fault escarpment that limits the plateau 
to the west.
Fig. 3. The Ankarana tsingy in the Southern buttes. Similar karst 
features are observed in the whole limestone area.
Fig. 4. Ankarana caves and river networks (from unpublished 
J. Radofilao’s surveys).
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• more or less sandy chalk, which forms residual 
mounds observed above the Ankarana.
The Cretaceous seems to be absent in this area, 
although marine sedimentation was continuous until the 
Lower Cretaceous. It was probably completely stripped 
away by erosion. The Ankarana block behaved as a rigid 
slab and it recorded all movements in the region. These 
movements induced several directions of fractures: 
• the Ankarana Wall, which marks the western 
edge of the plateau, is a major NE-SW fault scarp, 
whose throw probably exceeds 400 m. To the 
east, in the Besaboba valley, a similar but smaller 
fault limits the plateau;
• the Couloirs are aligned on a NW-SE direction. A 
N-S direction is also observed, but it appears to 
of the plateau, which is gradually buried below the 
alluvium. The Mananjeba River is divided into three 
branches, whose main one runs for 2700 meters, 
through a limestone butte, in Ambatoharana cave. 
The Mahavavy is the main stream in this region. It 
borders the southernmost butte and, at one point, 
forms a picturesque ox-bow lake.
Geology
The plateau is a NE-SW vast syncline in Jurassic 
epicontinental limestone. The dips do not exceed 10° (Figs. 5, 6). 
The geological section made by Saint-Ours (1958) 
and Rossi (1980) shows the following sequence, from 
bottom to top (Fig. 6): 
• an impervious Liassic marly substratum, 
• Bajocian and Bathonian limestone highly karstified, 
Fig. 5. Geological map of the Ankarana Plateau and its 120 km long cave network. The largest caves 
are located near volcanic features (veins or volcanoes) and close to the Ankarana Wall, which is likely 
a main basalt dike.
be less important;
• in the central zone, a N25° to 
30° reverse fault can be seen 
(Karche, 1972; Rossi, 1980) 
(Figs. 5, 6).
The density and orientation of 
the fractures and the presence 
of several volcanoes (Figs. 5, 7) 
suggest an uplift and a volcanic 
bulge of the whole area. 
In Madagascar volcanism was 
active during two distinct periods 
(Besairie, 1973): 
• During the separation of 
Madagascar and Greater 
India from Africa,  late 
Jurassic to mid-Cretaceous 
fissure type volcanic events. 
The dikes, that are present 
on the western and eastern 
coasts, are frequently 
oriented NW-SE (Mahoney et 
al., 1991).
• Tertiary to present-day 
alkaline volcanism.  It is 
mainly observed in the 
center of Madagascar, in the 
Itasy or Tsaratanana areas, 
or in the Montagne d’Ambre, 
in the extreme-north of the 
island, (Rossi, 1980). 
In the studied area, several 
volcanic features are encountered 
and the presence of both ages is 
possible. To the north, the Montagne 
d’Ambre volcano is a Miocene to 
Holocene system (Besairie, 1973, 
Rossi, 1980, Cucciniello et al., 
2011). Its basalt completely covers 
the northern part of the Ankarana 
Plateau. It flows into the main 
topographic depressions of the 
eastern part (Besaboba Valley) 
and runs alongside the Ankarana 
Wall in the western part, where 
it penetrates into a few canyons 
(Forest Canyon). Small strombolian 
cones are present on both sides of 
286
International Journal of Speleology, 43 (3), 283-293. Tampa, FL (USA) September 2014 
Gilli
the plateau (Fig. 7). The poorly eroded flanks indicate a 
Holocene age for the younger ones. To the east, dikes were 
observed that could be older (Fig. 5).
Cave network and present karst hydrogeology 
More than 120 km of caves have been explored since 
the 1960s (Radofilao, 1977; Courbon & Chabert, 1986) 
(Fig. 4). Most of these explorations were undertaken by 
the local caver Jean Radofilao and by French groups 
(Gilli et al., 1981; Peyre et al., 1983, 1984). 
The cave dimensions vary from very small crawl 
tubes, to corridors that reach 50 m width in the 
Mandresy or Andrafiabe caves. Several long cave 
systems (Andrafiabe, Milaintey, Antsatrabonko) 
run NE-SW, parallel to the Ankarana Wall. Most of 
the explored passages are active or semi-active and 
situated close to the elevation of the rock wall base. 
Sumps are frequent and some sections show navigable 
underground rivers, the most notable being the 4 km 
long Styx River. The longest cave of the Ankarana is 
Ambatoharanana, which totals more than 18 km. It is 
a maze that extends south of the Mangily basin, in the 
Mananjeba butte (Fig. 8).
The water input to the plateau is three-fold: rainfall, 
several ponors and the two previously described large 
streams that pass through the plateau in the southern 
zone (Fig. 9).
To the north, a vast system drains the limestone 
plateau towards the SW, to the main source of the river 
Antenanankarana (or Ankara) and its tributary, the 
Maurice resurgence. De Saint Ours (1959) suggested 
Fig. 9. North Ankarana and Mananjeba buttes underground water 
circulations. 
Fig. 8. Ambatoharana, the longest cave of Ankarana. Note the Mangily 
closed depression that one can only reach using cave passages.
Fig. 7. Foreground to background : Ankarana limestone, weathered 
basalt flow, recent Strombolian cones, Montagne d’Ambre volcano (in 
the clouds).
Fig. 6. Schematic cross-section of the NW-SE Ankarana (after Rossi, 
1980).
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(1980) considered a volcano-tectonic origin for it and 
Wilson (1987) instead supposed it was a huge collapsed 
underground chamber.
Possible role of volcanism in surface landforms 
modeling
During a field trip in 2005, a small basalt hill, 
previously reported by Rossi, was observed in the 
center of the depression (Fig. 11). It reinforces the 
hypothesis of an origin induced by volcanic processes 
for this karstic formation. The total absence of blocks, 
except at the foot of the rock walls, invalidates a 
tectonic or a collapse origin.
the existence of a main drain, the Collecteur, that drives 
the infiltrated water towards the Antenanankarana 
springs, along the synclinal axis of the plateau. The 
Collecteur was discovered in 1984 (Peyre et al., 1984). 
This underground river was so large that a motorboat 
was used during exploration. Most of the underground 
tributaries join this ‘master’ system. The E-W canyons 
do not form an obstacle to the drainage and are crossed 
by the underground rivers.
To the south, several buttes form independent water 
systems. Their watersheds are reduced, but both 
streams (Mananjeba and Mahavavy) completely flood 
the limestone plateau and can inject large quantities of 
water transporting significant amount of sand and clay. 
This results in intense karstification and causes the 
deposition of thick layers of sediments.
The karst hydrologic system can be vertically divided 
into several parts :
• inactive galleries with no perennial runoff;
• a network of galleries with portions of large rivers 
that feed the perennial springs;
• a deep aquifer that is probably drained towards the 
alluvial aquifers of the Mananjeba and Mahavavy 
rivers, as suggested by the inspection of water wells 
located west of the Ankarana. The water table in 
these wells is a few meters below the land surface. 
The sea shore is nearby (12 km) and the global sea 
level drop, during glacial periods, made it possible the 
valley incisions and the deepening of the karst aquifer.
HYPOTHESIS ON THE KARST GENESIS
Particularity of the Ankarana Plateau
In addition to the tsingy, that are present in most of the 
karst area in Madagascar, some karst features are specific 
from the Ankarana : the Couloirs, deep an narrow canyons 
that dissect the plateau, and the closed depressions that 
are present in several parts of Northern Ankarana and 
Mananjeba butte. Their genesis is not well explained.
The Couloirs extend toward east, perpendicular to the 
Wall. They often crossover the plateau but sometimes they 
end suddenly, like a pocket valley. Rossi (1980) propose 
either a karst dissolution origin, or a tectonic one, where 
Couloirs are micro-grabens (Fig. 10). 
Several large closed depressions are also present on 
the plateau. The most important one, the Mangily, is 
a 800 x 500 m large circular basin with vertical walls, 
that perforates the Mananjeba butte (Fig. 8). Rossi 
Fig. 10. Ankarana couloirs genetic hypothesis from Rossi (1980) 
Fig. 12. Pre-corridor with basalt dike and metamorphosed area. The recently 
denuded limestone is poorly altered (top - general view; bottom - detail).
Fig. 11. Horizontal basalt prisms, at the top of the neck, in the center of 
Mangily basin. Their orientation indicates a vertical ascent of the basalt.
A review of Google Earth satellite images shows that the 
main Couloirs are prolonged by lineaments that extend 
several kilometers east of the Ankarana (Fig. 5). A field trip 
made it possible to confirm that these lineaments are basalt 
dikes. They are easy to observe east of the Antsiranana 
road, in a recently denuded area, where they intrude into 
the limestone or the marly-limestone series (Fig. 12).
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and CaO possible (Deegan et al., 2010). Thus basalt 
may partially “digest” limestone. This process forms 
different types of rocks depending on the temperature, 
the pressure, and the respective proportions of CaO, 
SiO2 , and H2O (Baker & Black, 1980; Iacono-Marziano 
et al., 2007). This basalt-limestone assimilation 
process, combined with hydrothermal activity, makes 
the basalt more susceptible to erosion (McGreevy, 
1982). It may also transform calcite in silicates that 
are more likely to weather than pure calcite. Thus the 
whole area affected by the transformation (basalt and 
metamorphosed belt) becomes more susceptible to 
erosion than the surrounding limestone. 
Hypothesis on the canyons genesis (Fig. 13)
The narrow dikes and their metamorphosed zones 
do not constitute a hydrogeological barrier and can 
easily be crossed by underground water flows, an 
occurrence that has been observed by cavers (e.g. in 
Analamisondrotra Cave). In most large caves, such 
as the Andrafiabe or the Milaintety caves, the main 
galleries are cut by canyons. This proves that the 
canyons are younger than the caves, while the basalt 
dikes are older. The dikes could be of Cenozoic age, 
like Montagne d’Ambre volcanism, but their NW-SE 
orientation also supports a Cretaceous age (Besairie, 
1973, Mahoney et al., 1991).  
Below the surface, the karst system evolves with 
cave networks that can pass through narrow veins 
of basalt and metamorphosed areas. They may or 
may not be eroded, depending on the direction of the 
water circulations. The flow direction (Fig. 9) depends 
on the geometry of the impermeable substratum and 
on the elevation of the springs. When the hydraulic 
gradient causes the groundwater to flow north-south, 
perpendicular to the veins, it simply passes through, 
whereas when it establishes in an E-W direction, the 
water is driven by the dikes. It can alter the basalt 
and the metamorphosed belt and enlarge them. 
A basalt extrusion can be observed, which caused 
contact metamorphism, with a clear limit, between the 
limestone and the metamorphosed band. Differential 
erosion forms a vertical limestone wall, close to which 
the limestone metamorphosed zone quickly dissolves, 
while the basalt is affected by an intense spheroidal 
weathering process (Fig. 12-bottom). This is a juvenile 
form of the canyon whose older aspect can be observed 
to the west, in the nearby Ankarana Plateau. This 
observation, which also concerns a second lineament-
canyon system, could be extended to the other 
Couloirs, but more field work is necessary. 
Volcanism is therefore an important phenomenon 
and I propose a morphogenetic process, combining 
volcanism, corrosion, metamorphism and selective 
erosion, to explain the genesis of both features.
HYPOTHESIS ON THE GENESIS OF 
COULOIRS AND CLOSED DEPRESSIONS
Discussion on the action of basalt on limestone
When lava flows on the rock surface, thermal 
exchanges with air and water result in rapid cooling 
and the lava alters the limestone to a small extent. 
For instance, in Ambohimalaza (3 km SW from 
Mahamasina), on the eastern side of Ankarana, the 
basalt fossilizes karst pinnacles (Rossi, 1980). 
However, deep beneath the earth’s surface, cooling is 
limited by the low thermal conduction of the limestone 
(thermal conductivity is 5.5 x 10-7 m2/s). Metamorphism 
is then responsible for the recrystallization of calcite 
(Kjølle, 2000) or for the formation of marbles, if the 
pressure is high enough and if silicates are present. 
The size and nature of the metamorphosed aureole are 
a function of the depth and temperature of the igneous 
material. It may be reduced to a few centimeters, as 
observed in the Buchan caves limestone (Barker & Bone, 
1995) or be a few kilometers wide in plutonic areas. 
Modeling for a 5.3 m thick dike in Killala Bay 
(Ireland) shows that temperatures in the limestone, a 
few meters from the dike, remain very high (500°C) for 
several months (Joesten & Van Horn, 1999). 
A first hypothesis is that very close to the basalt, in 
a low pressure context, the heat causes the limestone 
to calcinate, releasing carbon dioxide and turning into 
calcium oxide (quicklime) at 900°C. When combined 
with water it can form calcium hydroxide (slaked lime). 
CaCO3 ---> CO2 (g) + CaO (quicklime)
CaO + H2O ---> Ca(OH)2 (slaked lime)
The solubility of calcium oxide and calcium hydroxide 
(1650 and 1590 mg.L-1, respectively) is much higher 
than that of pure limestone (15 mg.L-1 or 250 mg.L-1 in 
its bicarbonate form) and this could explain the more 
intense weathering in limestone. However there are 
no examples of CaO or Ca(OH)2 outcrops in nature. 
A second hypothesis is based on the existence of a 
basalt-limestone assimilation process, where basalt is 
enriched in CaO while limestone loses CO2 and gains 
SiO2. Laboratory experiments on basalt and limestone 
show that the decomposition and degassing of CaCO3 
may start at 600 °C making melting between magma Fig. 13. Hypothetical genesis of the Ankarana canyons.
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al., 2014) below the overlying cover, by the CO2 
and H2O issued from the degassing magma or the 
metamorphic reactions. Then, when the plateau 
started being denuded, the whole metamorphic 
aureole, the transformed basalt or the ghost-rock 
alterites were quickly dissolved, or washed away, 
by meteoric water. The residue could be evacuated 
by the connected cave system, as huge galleries 
are present south to the Mangily (Fig. 8).
I have no proof on the presence of basalt in the 
center of the Ankarana other large closed depressions. 
Therefore, during different war periods in the 19th 
century, Antankarana people and cattle found refuge in 
these depressions that are only accessible by the caves. 
They used to stay there for long periods and cultivated 
in the closed depressions (Decary & Kiener, 1970) which 
reinforces the probability of a basalt soil present there. 
Future studies will have to focus on this part.
ANKARANA SPELEOGENESIS
Volcanism and speleogenesis
This mechanism, which may explains the Ankarana 
surface landforms, could be extended to the genesis 
of part of the cave network. The role of volcanism in 
the speleogenesis was suggested to explain greater 
karstification in the Apennines (Central Italy), near 
volcanic edifices. The role of magmatic CO2, SO2 
or H2S, first discussed by Demangeot (1963), is 
supported by cave observations in Italy (Galdenzi, 
2009; Menichetti, 2009). 
In Turkey, the formation of the obruks, a type 
of mega-doline, is explained by heat and by a 
considerable amount of carbon dioxide supplied by a 
magmatic source (Bayari et al., 2009). 
In Mexico the deep Zatacon system is also related to 
a hypogenic mechanism related to volcanism (Gary & 
Sharp, 2006). 
In addition to the generation of fluids, volcanism also 
produces constraints and distortions that fracture the 
limestone and guide the erosion process (Salomon, 2009). 
Hypothesis on the Ankarana speleogenesis
The Ankarana Wall is a major normal fault, which 
puts the Mid-Jurassic limestone into contact with 
more recent impermeable series (Jurassic and 
Cretaceous marls and marly-limestone). Before the 
erosion of these impermeable series, the Ankarana 
Wall had been a hydrologic boundary for karstic 
groundwater. 
A primitive network of large caves and mazes is 
established in the Northern Ankarana. It is parallel 
to the Ankarana Wall (e.g., Andrafiabe, Milaintety, 
and Antsatrabonko). The Southern Buttes also have 
remnants of large galleries, which were more or less 
parallel to the Wall. This confirms the importance of 
this main fault in driving the Ankarana speleogenesis. 
However the position and size of this primitive network 
are difficult to understand. It is located close to the 
Wall, far from the synclinal axis where the groundwater 
is now drained (Fig. 9). Moreover, the presence of 
Upper Jurassic residual mounds, at the surface of the 
plateau, shows that the karst was previously covered 
At the surface, when the limestone and basalt veins 
are covered by a layer of marls, they are protected from 
weathering. But when the cover becomes thin enough, 
active karstification begins, beneath the cover. Then, 
when the cover is totally eroded, the tsingy develops 
intensely. This also promotes the alteration of the 
basalt dikes, which evolve rapidly, becoming larger 
and deeper. In most cases, the weathered rocks are 
completely leached away and limestone blocks, 
collapsing from the walls, mask the bedrock. Thus it 
is impossible to observe the remnants of the dikes. 
However, occasionally, some elements of basalt are 
visible among the tsingy, or on the canyon walls (J. 
Radofilao, pers. comm.).
This phenomenon may be more or less widespread, 
depending on the extent of the metamorphosed area. 
But it also depends on the nature of the dikes, which 
range from several-kilometer-long basalt veins to ones 
only a few tens of meters long. This allows a variety 
of canyon shapes, ranging from simple fracture 
enlargements to vast canyons with vertical walls. This 
also explains why some canyons are continuous while 
other ones are interrupted (Rossi, 1980).
As long as the alteration does not reach the karst 
substratum, deep water circulation is still possible 
below the canyon floors, as proven by the presence of 
a single main spring, south of the plateau. The largest 
canyons and those that have since long lost their 
impermeable cover, can broaden and deepen, until 
reaching the Liassic substrate. This creates a complete 
isolation of the karst system and individualizes 
limestone buttes, such as those observed in the 
south of the plateau, where the Ankarana Plateau is 
gradually buried beneath the Mahavavy alluvium.
 
Hypothesis on the closed depressions genesis (Fig. 14)
The Mangily closed depression may be the 
result of a similar mechanism. Its central basalt 
neck shows basalt prisms orientation that 
confirms a vertical ascent of the lava (Fig. 11). 
An hypothesis is that during the neck intrusion, 
the heat metamorphosed the limestone or highly 
transformed its porosity and the basalt was 
enriched in CaO. The limestone and the aureole 
started being affected by a hypogenic process of 
dissolution or ghost-rock karstification (Dubois et 
Fig. 14. Hypothetical genesis of the Mangily basin in the Ankarana 
Plateau.
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suggest a hypogenic hypothesis for the old north-south 
network that extends close to the Ankarana Wall :
• gypsum was encountered on the floor, in the 
upper levels of the Milaintety cave and beneath 
the alluvium of the Mandresy cave (Fig. 15);
• yellow formations, that are probably rich in sulfur, 
are also visible in Mandresy;
• solution rills that could be related to convection were 
observed on the walls of the Andrafiabe cave (Figs. 16, 17).
Hypothesis on the late evolution of the karst system
The karst system evolved both vertically and 
horizontally, depending on the denudation of the 
Bathonian limestone that allows the infiltration of 
rainfall and the development of a classical epigenic 
karstification keyed to discontinuities. Underground 
circulation enlarged the discontinuities, and partially 
by impervious rocks. Thus it was not a suitable place 
for water infiltration and limestone dissolution. Our 
hypothesis is that a hypogenic process took place 
with fluids (CO2, H2O, H2S, and SO2) coming from the 
underlying magma.
Terrestrial magmas may contain significant 
concentrations of CO2 and H2O from a few ‰ 
to about 10% in weight for subduction zones 
(Wallace, 2005). These fluids significantly alter the 
physical and chemical properties of magmas. This 
affects fundamental geological processes such as 
partial melting, ascent, eruption, degassing and 
crystallization of magmas. Their role in the transport 
and redistribution of metals, in hydrothermal ore 
bodies, is well known, and their possible impact 
on speleogenesis has occasionally been proposed 
(Gunn, 2004; Gary & Sharp, 2006; Klimchouk & 
Ford, 2009). 
These high pressure magmatic fluids can degas 
when the magma approaches the surface. Maximum 
degassing occurs during the eruption, but degassing 
can also occur before the lava reaches the surface 
(Lesne et al., 2011). For example, for the continuous 
degassing of the Stromboli active volcano, quantities 
are estimated between 6,000 and 12,000 tons/day 
of gas, primarily H2O, CO2, and SO2 (Allard et al., 
1994). On Tenerife Island (Spain), in the Canaries 
rift zone, the total diffused CO2 values, measured on 
a 72 km2 area, were estimated to 146 tons/day. The 
peak values are spatially correlated with volcanic 
alignments, suggesting a structural control on the 
mechanism of diffuse degassing. (Martin et al., 
2003). Limestone assimilation by magma is also an 
important source of volcanic CO2 (Iacono-Marziano & 
Gaillard, 2006) but active volcanoes are not the only 
source of deep CO2; large quantities are also observed 
in quiet volcanic areas or in tectonically active areas, 
which produce non-volcanic Earth degassing CO2 
(Cardellini et al., 2011).
Volcanism in limestone regions can therefore produce 
large quantities of water acidified by CO2, which will 
promote the dissolution of carbonates. It is therefore 
very likely that the different phases experienced by 
the Ankarana volcanism were accompanied by fluid 
circulation leading to the dissolution of limestone in a 
hypogenic speleogenesis mechanism.
Some hypogenic caves develop in the atmosphere 
at or above the water table, mainly by condensation 
and corrosion, due to the combination of thermal 
convection, and sulfuric and carbonic corrosion 
(Audra et al., 2009; Audra et al., 2010). If oxygen and 
water are present, the degassing of SO2 promotes the 
production of sulfuric acid, which reacts with the 
limestone to produce gypsum (Hill, 1987; Ford, 1989; 
Klimchouk, 1997).
2SO2 (g) + O2 (g) + 2H2O (l) ---> 2H2SO4 (aq)
CaCO3 + H2SO4 + H2O ---> CaSO4·2H2O + CO2.
H2S may also be involved in similar reactions to 
produce H2SO4 (Hill, 1987).
In the Ankarana, preliminary observations, which still 
need to be confirmed by more accurate field research, Fig.16. Wall solution rills in the Andrafiabe Cave.
Fig. 15. Underground gypsum breccia pinnacle in Mandresy Cave. 
This formation was found in a fossil part of the cave. Pinnacles are 
limestone breccia with gypsum cement or massive gypsum.
291
International Journal of Speleology, 43 (3), 283-293. Tampa, FL (USA) September 2014
Karst of the Ankarana Plateau (Madagascar)
• Tertiary: partial denudation of limestone and 
early meteoric karstification; individualization of 
the buttes in the southern part of the plateau.
• Plio-Quaternary: denudation of the limestone: 
effusive volcanism from Montagne d’Ambre 
and invasion of landforms by basalt. Complete 
individualization of the Southern Buttes and 
northward migration of the Ankarana River’s 
source to its present position.
CONCLUSION
In addition to its well developed surface landforms 
(tsingy) and its varied wildlife, the Ankarana Plateau 
offers very interesting underground patterns and should 
be better studied from the geologic and geomorphologic 
points of view. The present paper is a preliminary one 
that needs to be completed by future studies. 
The plateau is surrounded by lava flows and some 
small strombolian cones are present above the limestone. 
Even if a significant amount of work is necessary to 
better characterize the mechanisms that produce karst 
landforms and caves, there is no doubt about the fact 
that volcanism played an important role in the origin of 
the Ankarana karst landforms. The presence of basalt 
dikes or necks in some canyons and the largest closed 
depression is certain, but their existence remains to be 
investigated in other similar places, in order to confirm 
a common origin for the same landforms. An accurate 
identification of rocks and minerals, that are present 
in the metamorphic belts, is also necessary to better 
understand the basalt-limestone assimilation process.
The main large galleries are in an abnormal position, 
parallel to the Wall, or to the Mangily in its southern part. 
This position, which is not concordant with a normal 
water drainage, suggests an hypogenic origin for the 
cave system. In addition to the abnormal cave network 
geometry, gypsum and underground solutions rills that 
were observed in some caves, support that hypothesis. 
Future research will have to focus on several features 
that are described by Audra et al. (2010) or Klimchouk 
(2004), to characterize hypogenic caves, such as 
mineralization, cupolas, box works, and large crystals. 
For instance, the presence of large transparent calcite 
rhombohedra was reported in the Andrafiabe Cave (Saint-
Ours, 1959) and should be confirmed, and the origin of 
the underground solution rills observed on cave walls 
(Figs. 16 & 17) remains to be studied. New surveys of 
the main caves and their upper levels are also necessary 
to better characterize the relations between the different 
cave levels and the water table. Indeed, most of the cave 
systems are horizontal ones, and few data are available 
concerning the elevation of the galleries. It is therefore 
impossible to characterize the different levels and see if 
the presumed hypogenic speleogenesis occurred at depth 
or at the piezometric surface.
If the hypothesis of a speleogenesis related to the 
presence of significant fluid circulation at depth, caused 
by degassing magma or metamorphic zones, is confirmed, 
this could open interesting research directions. Indeed, 
this means that such mechanism allows for an increase 
in the global porosity of covered limestone blocks where 
volcanism or active tectonics are present. This opens 
Fig. 17. Wall solution rills in the Andrafiabe Cave (see up right).
Fig. 18. Hypothetical speleogenesis of the Ankarana system. The karst 
first evolved hypogenically when volcanism was active and when the 
limestone was covered with an impermeable layer of marls. Surface 
denudation then made possible weathering and epigenic karst evolution.
reused the previous hypogenic networks, while 
outside, the differential erosion in metamorphic zones 
resulted in the birth of canyons and closed basins. 
This evolution gradually led to the individualization 
of the southernmost parts of the plateau, which are 
now drained by their own hydrological systems. 
In the Southern Buttes, which are flooded yearly 
by the Mananjeba and Mahavavy rivers, a significant 
amount of water circulates into the limestone. 
The water transports abrasive particles that come 
from the Isalo sandstone. This resulted in the birth 
of underground mazes and spectacular erosional 
features in the eastern part of the buttes. 
Possible age of the karst
The NW-SE orientation of the dikes suggests a 
Cretaceous age (Besairie, 1973; Mahoney et al., 1991). 
I propose the following chronology (Fig. 18):
• Late Cretaceous (pre-rifting phase): bulging and 
intense fracturing of the Ankarana area; first 
basalt intrusions within the limestone block. 
Deep confined hypogenic karstification.
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volcanic CO2. Geophysical Research Abstracts, EGU 
meeting, 8, 08924.
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155-6: 719-738. http://dx.doi.org/10.1007/s00410-
007-0267-8
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interesting perspectives for researching capacitive zones 
in confined limestone blocks that were not weathered, 
and could therefore be good reservoirs for oil or water 
(Gilli, 2011). 
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2007). In the last 50 years the cave suffered several 
microbiological crises (outbreak of microorganisms 
threatening the paintings) due to the invasion of the 
alga Bracteacoccus minor in 1963 (Lefèvre, 1974) 
and the fungus Fusarium solani in 2001 (Dupont et 
al., 2007). At present, the paintings are threatened 
by black stains produced by the fungus Ochroconis 
lascauxensis (Martin-Sanchez et al., 2012a) as 
documented in the pictures published by Bastian et 
al. (2010) and Jurado Lobo et al. (2010). 
In the last few years several reports on the 
microbiology of this cave were published, which 
contributed to understand the complex processes of 
microbial colonization and biodeterioration of the cave 
and its paintings (Bastian et al., 2009, 2010; Martin-
Sanchez et al., 2012 a,b; Saiz-Jimenez et al., 2012).
One of the aspects more neglected in cave research 
is the study of cave aerobiology, although this issue 
is of great interest for a correct cave management. 
INTRODUCTION
Lascaux Cave and other sites in the Vézère Valley, 
France, were included in the UNESCO World Heritage 
List in 1979. This cave, discovered in 1940, contains 
valuable Palaeolithic paintings. The cave was open 
to the public in 1948 and attracted a large audience 
which reached 100,000 visitors/year in 1962. This 
seriously disturbed the cave microclimate and had a 
strong impact on the ecosystem (Bastian et al., 2010). 
Unfortunately, at that time, there was no scientific 
knowledge of cave conservation problems and the 
huge number of visitors resulted in fatal management 
errors that marked the future of the cave.
Currently, Lascaux Cave is an endangered cavity 
that was studied from a microbiological point of view 
since the 60’s of the past century, but unfortunately 
very few data were published before 2009 (e.g. 
Lefèvre & Laporte, 1969; Lefèvre, 1974; Dupont et al., 
Lascaux Cave in France contains valuable Palaeolithic paintings. The importance of the 
paintings, one of the finest examples of European rock art paintings, was recognized shortly 
after their discovery in 1940. In the 60’s of the past century the cave received a huge number 
of visitors and suffered a microbial crisis due to the impact of massive tourism and the 
previous adaptation works carried out to facilitate visits. In 1963, the cave was closed due 
to the damage produced by visitors’ breath, lighting and algal growth on the paintings. In 
2001, an outbreak of the fungus Fusarium solani covered the walls and sediments. Later, 
black stains, produced by the growth of the fungus Ochroconis lascauxensis, appeared on 
the walls. In 2006, the extensive black stains constituted the third major microbial crisis. In 
an attempt to know the dispersion of microorganisms inside the cave, aerobiological and 
microclimate studies were carried out in two different seasons, when a climate system for 
preventing condensation of water vapor on the walls was active (September 2010) or inactive 
(February 2010). The data showed that in September the convection currents created by the 
climate system evacuated the airborne microorganisms whereas in February they remained 
in suspension which explained the high concentrations of bacteria and fungi found in the air. 
This double aerobiological and microclimate study in Lascaux Cave can help to understand 
the dispersion of microorganisms and to adopt measures for a correct cave management.
aerobiology; bacteria; fungi; caves; Palaeolithic paintings; culture-dependent methods; climatic 
simulations
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The system is also dedicated to recreate convection 
currents during these months. When the air located 
in the deeper parts of the cave is colder than the 
upper parts air, convection currents disappear. The 
artificial creation of a cold point in an area close to the 
upper parts (the machine room) helps the formation 
of convection currents. When the convection currents 
are present, airborne microorganism dispersion is 
higher than the case of stratified air. When there 
is no convection, microorganisms are staying in 
suspension, and are no more evacuated.
The objectives of the present study were to report 
on airborne bacteria and fungi in Lascaux Cave as 
well as to know their dispersion mechanisms inside 
the cave, data which allow integrating the knowledge 
acquired in the last years on the cave microbial 
ecology. To reach it, aerobiological and microclimate 
studies were carried out in two different seasons, 
when a climate system for preventing condensation 
of water vapor on the walls was active (September 
2010) or inactive (February 2010). The microbial 
communities were characterized by isolation and 
molecular identification of cultivable strains from 
air samples collected by Duo SAS Super 360. It was 
expected that these data would contribute to the 
conservation of this fragile cave.
MATERIAL AND METHODS
Sampling
Lascaux Cave is located in the basin of Vézère River, 
near the town of Montignac, in the Black Perigord 
area, Dordogne, France (45º3’13.3’’N, 1º10’12’’E). 
The total length of the known subterranean system 
is less than 250 m, with an accessible volume of 
3,300 ± 500 m3, as shown in Fig. 1a. The galleries of 
Lascaux Cave are situated at shallow depth, between 
10 and 25 m below the current ground level, in 
the heterothermal zone of the soil. The average air 
temperature, which is relatively constant all year 
round, is 12.5ºC, and the average relative humidity 
is 99% (Malaurent et al., 2011).
Two surveys were conducted in Lascaux Cave at 
different dates, on 16th February and 21st September 
in 2010, in which were collected air samples from the 
same nine points shown in Fig. 1a. Eight of them 
were located at different halls within the cave (A2-
A9), and one additional sampling point was located 
outside the cave as control (A1).
A Duo SAS Super 360 air sampler (VWR-pbi, 
Milan, Italy), shown in Fig. 1b, was used to detect 
cultivable microorganisms in both surveys. Two 
replicates of air samples (100 L each one) were 
directly aspirated, using a 219-hole impactor, onto 
the appropriate culture media contained in 90 mm 
Petri dishes. The culture plates were kept at room 
temperature until arrival in the laboratory, where 
they were directly processed as detailed below. The 
appropriate volumes of air samples were based on a 
previous study (Porca et al., 2011). Volumes higher 
than 100 L, collected by Duo SAS sampler, resulted 
in an excessive number of colonies grown on the 
culture medium to be efficiently counted.
A historical overview revealed that until the 1970’s, 
a monitoring of the microbiological contamination 
of Lascaux Cave was carried out by the Institute 
Pasteur (Paris, France). According to our knowledge, 
data about the aerobiological studies performed 
on those dates were no published. The task of the 
sanitary monitoring, including the evaluation of 
airborne bacteria, fungi and algae was then passed 
to the Laboratoire de Recherche des Monuments 
Historiques (LRMH, Champs-sur-Marne, France). 
For twenty years (from 1970 to 1990), a passive 
method based on the gravity effect was used to 
collect airborne microorganisms by LRMH. Open Petri 
dishes were exposed on the floor for five minutes for 
bacteria and fungi, or 24 hours for algae. About ten 
sampling points located inside the cave and in the 
entrance airlock chamber were checked using this 
protocol twice a year (Orial et al., 2011). The resulting 
counts using the passive method varied within very 
low ranges, from 0 to 15 colony-forming units (cfu) 
per plate for both bacteria and fungi. The sampling 
method was changed in 1990 to an active method, 
based on the suction and pumping of air samples 
onto culture media. The results published by Orial 
et al. (2011) were focused on total quantifications of 
cultivable bacteria and fungi corresponding to the 
active monitoring carried out until 2009. In summary, 
they remarked different periods in Lascaux Cave. 
From 1990 to 2000, the counts remained within low 
ranges (0-150 cfu/m3 for bacteria and 0-50 cfu/m3 for 
fungi). In December 2001, when the Fusarium solani 
outbreak started, the fungal quantifications reached 
in general low-medium levels (50-250 cfu/m3). From 
2002 to 2003, the bacterial and fungal counts varied 
between very low and medium ranges (0-250 cfu/m3). In 
2004, the levels of bacteria and fungi were particularly 
increased reaching a high level (250-500 cfu/m3) in 
December, and even surpassing it in some halls. This 
increase was directly related to the frequent human 
activities performed in those dates. Since then, from 
2006 to 2009, the microbial contamination fell notably 
and returned to lower levels. Very little information 
was provided on the identification of microorganisms 
detected in this study, only the most abundant genera: 
Fusarium, Cladosporium, Gliomastix, Penicillium and 
Aspergillus for fungi, and Bacillus, Staphylococcus and 
Micrococcaceae family for bacteria (Orial et al., 2011).
Few works about aerobiology of caves have been 
published using different collection methods, mainly 
passive samplings (Monte & Ferrari, 2000; Nugari 
& Roccardi, 2001), a Hirst-type volumetric spore 
trap (Docampo et al., 2011), or a six-stage Anderson 
FA-1 sampler (Wang et al., 2010). Recently, Porca 
et al. (2011) used a Duo SAS Super 360 air sampler 
for evaluating the cultivable fungal communities 
of caves and proposed a biological index of fungal 
contamination.
Nowadays, in Lascaux Cave, there is a climate-
control system located in the machine room, below 
airlock 1 (Fig. 1a), which generates a cold point where 
the condensation of water vapor is forced preventing 
this phenomenon on the walls of the cave during the 
warm months (from March to September, generally). 
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GC Biotech, The Netherlands), and the rest of volume 
of sterile ultrapure water. Reactions were performed in 
duplicate, and negative controls (containing no DNA) 
were included in each PCR trial. PCR amplifications 
were performed in a BioRad iCycler thermal cycler 
(BioRad, Hercules, CA, USA) using the following 
cycling parameters: 2 min of initial denaturing step 
at 95ºC, followed by 35 cycles of denaturing (95ºC for 
1 min), annealing (55ºC for 1 min) and extension (72ºC 
for 2 min), with an additional extension step at 72ºC 
for 10 min at the end. To evaluate the PCR results, all 
products were electrophoresed on 1% (w/v) agarose 
gels, stained with SYBR Green I (Roche Diagnostics, 
Mannheim, Germany) and visualized under UV light.
Positive PCR products were sent to Macrogen Inc. 
(Amsterdam, The Netherlands) for purification and 
sequencing using the same primer set. In order 
to approximate the phylogenetic identification of 
strains, the received sequences were compared, using 
BLASTn algorithm, to the non-redundant databases 
of sequences deposited at the National Center for 
Biotechnology Information (NCBI). Additionally, the 
EZtaxon web-based tool was also used for bacteria 
identification.
Climatic numerical simulations
In 2010, the climate-control system was running 
during the second survey in September but not in 
February. More precisely, it was switched on June 
22nd and switched off November 16th. Numerical 
simulations of thermal configurations in both sampling 
dates were performed with Thétis (www.thetis.enscbp.
fr), a CFD (Computational Fluid Dynamics) code 
developed by a team from the Institute of Mechanics 
and Engineering at the University of Bordeaux, 
Isolation and counting of airborne microorganisms
Bacteria were isolated on trypticase soy agar 
medium (TSA) with 50 mg/L cycloheximide to inhibit 
the eukaryotic organisms, and fungi were isolated on 
malt extract agar medium (MEA) including 50 mg/L 
chloramphenicol which inhibits a wide variety of 
bacteria. The plates were incubated at 24ºC for five 
or seven days, for bacteria and fungi respectively. 
Although the microorganisms dwelling Lascaux 
Cave must be adapted to oligotrophic conditions and 
temperatures around 12°C (average temperature in 
the cave), we used nutrient culture media incubated 
at higher temperature in order to accelerate microbial 
growth and to allow isolations and representative 
counts in a fixed incubation period. Viable counts 
and isolations in pure culture were independently 
performed for each colony type with different 
morphological characters (Fig. 1c), and for each 
replicate of air sample. The final amounts of bacteria 
and fungi in each air sample were expressed as colony-
forming units per cubic meter following the Duo SAS 
sampler manufacturer’s instructions. The number of 
colonies counted on the surface of the culture plates 
was corrected for the statistical possibility of multiples 
particles passing through the same hole. Bacterial 
strains were stored in 20 % glycerol at –80ºC. Fungal 
strains were previously grown on MEA slants and 
subsequently stored at 4ºC.
Molecular identification
Identification of strains was based on the molecular 
analysis of ribosomal DNA sequences. Genomic DNA 
from strains was extracted by collecting bacterial or 
fungal biomass from pure cultures and transferring 
it to a 1.5 ml Eppendorf tube containing 500 μL TNE 
Fig. 1. a) Map of Lascaux Cave with locations of air samples collected in this study; b) DUO SAS 
Super 360 air sampler used to detect cultivable microorganisms; c) Fungal colonies grown on 
MEA medium at 24ºC for seven days.
buffer (10 mM Tris–HCl, 100 mM 
NaCl, 1 mM EDTA; pH 8) and glass 
beads. The mixture was shaken in 
a cell disrupter Fast Prep-24 (MP 
Biomedicals, Solon, OH, USA) at full 
speed for 3 min. The DNA was purified 
by phenol/chloroform extraction and 
ethanol precipitation.
The bacterial 16S rDNA was 
amplified by PCR using the primers 
616F 5'-AGAGTTTGATYMTGGCTCAG-3' 
(Snaidr et al., 1997) and 1510R 
5'-GGTTACCTTGTTACGACTT-3' (Lane 
1991). The fungal internal transcribed 
spacer (ITS) regions, including 
ITS1, 5.8S rDNA and ITS2, were 
amplified using the primers ITS1 
5'-TCCGTAGGTGAACCTGCGG-3' and 
ITS4 5'-TCCTCCGCTTATTGATATGC-3' 
(White et al., 1990). PCR reactions 
were performed in 50 μL volumes, 
containing 5 μL of 10x PCR buffer, 
2 μL of 50 mM MgCl2, 5 μL of 2 mM 
dNTP mix (Invitrogen, Carlsbad, CA, 
USA), 0.5 μL of 50 μM of each primer 
(Macrogen, Seoul, Korea), 10-20 ng of 
the extracted DNA as template, 1.25 
units of Taq DNA polymerase (Bioline, 
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higher temperatures in the cave are in winter and the 
lower in summer.
Considering the Great Hall of the Bulls, in February 
the temperature difference between the ground and 
the vaults was 0.3°C for a height of 7.5 m. The air at 
a higher temperature was located on the vaults, as it 
is lighter than the colder one and stays in this area. 
Therefore the air was stratified, with an air velocity 
of 1 mm/s in the center of the hall and 3 mm/s at 
the boundaries. In the same place in September, the 
machine system involved the presence of a cold point in 
the machine room, which created convection currents 
in the Great Hall of the Bulls. Convection currents 
homogenized the air; the temperature difference was 
only 0.05°C but the velocity at the center of the hall 
was about 1 cm/s and 3 cm/s at the boundaries, i. e. 
10 times bigger than in February.
In September the convection created by the machine 
system evacuated the airborne microorganisms, 
whereas in February, they remained in suspension in 
the air.
Airborne bacteria
The bacterial phylotypes detected from air samples 
of Lascaux Cave differed significantly in each season 
(Table 2). Globally, the majority of bacterial phylotypes 
corresponded to the phylum Actinobacteria (44.1% of 
total phylotypes), followed by Proteobacteria (26.5%), 
Firmicutes (23.5%) and Bacteroidetes (5.8%).
High levels of bacteria were generally quantified 
inside the cave in February (A2-A8) (Table 1). They 
were much higher (from 2 to 30 times) than the “very 
France. It is a research code for modeling and 
numerical simulation of fluid mechanics problems. 
The code has been adapted to underground areas 
and more specifically rock art caves (Lacanette et al., 
2009). It is dedicated to study the links between the 
distribution of temperature, the air velocities and the 
rate of humidity, as these parameters largely impact 
on the conservation of these sites. The simulations 
constitute a way for helping to make the decisions 
regarding their conservation.
RESULTS AND DISCUSSION
In this study, analysis of air samples, collected 
with a Duo SAS sampler, allowed achieving a 
representative inventory of the cultivable bacteria 
and fungi present in the Lascaux Cave. Of course, 
whenever a dependent-culture approach is used it 
must be assumed some lack of diversity due to the 
selected culture conditions. We used nutrient culture 
media incubated at 24°C in aerobic conditions for a 
restricted period of time; such conditions have favored 
certain microorganisms against another. However, 
the selected methods resulted useful recovering a 
significant microbial diversity and estimating their 
abundance and evolution in two different seasons.
Quantifications of cultivable bacteria were higher 
than fungi in all sampled areas in the two surveys 
(Table 1). Amounts of bacteria and fungi inside the 
cave (samples A2-A9) were much higher in February 
than in September. In contrast, the counts obtained 
outside the cave (A1) generally showed an opposite 
trend. They were lower than inside the cave in 
February and higher in September (Table 1). In both 
samplings, the lowest amounts of bacteria and fungi 
were quantified in the Shaft of Dead Man (A9) which 
is the most inaccessible hall, and rarely visited for 
scientific and conservation works.
Numerical simulation of the two thermal 
configurations was also accomplished. In February 
(Fig. 2) air velocity is lower than in September (Fig. 
3). The air temperature in February is higher than in 
September. Lascaux is a shallow cave, it is located 
at 10 m depth, and the temperature wave requires 
6 months to reach the cave, which explains why the 
Table 1. Viable counts of microorganisms in air samples collected 
from Lascaux Cave
Sampling point: Hall
Bacteria (cfu/m3)* Fungi (cfu/m3)*
February September February September
A1: Outdoor 360 ± 78 1,090 ± 71 170 ± 14 960 ± 42
A2: Airlock 2 4,550 ± 311 700 ± 233 460 ± 267 170 ± 21
A3: Great Hall of Bulls 2,490 ± 78 980 ± 63 200 ± 35 140 ± 42
A4: Painted Gallery 
(entrance area)
4,470 ± 56 420 ± 226 290 ± 177 170 ± 42
A5: Painted Gallery 
(deep area)
4,050 ± 792 360 ± 283 950 ± 7 190 ± 42
A6: Passageway 1,120 ± 219 540 ± 21 150 ± 7 80 ± 28
A7: Apse (lower area) 1,500 ± 853 760 ± 163 690 ± 71 120 ± 35
A8: Chamber of Felines 15,520 ± 49 740 ± 226 700 ± 551 190 ± 56
A9: Shaft of Dead Man 310 ± 127 70 ± 56 50 ± 42 10 ± 7
* Values are averages of two replicates with standard errors, expressed as colony forming 
units per cubic meter of sampled air. These data were previously corrected following the 
manufacturer’s instructions.
Fig. 2. Numerical simulation of the thermal configuration of 16th 
February 2010 on a slice of the Lascaux Cave, colors are for 
temperature, vectors are for the air velocity.
Fig. 3. Numerical simulation of the thermal configuration of 21st 
September 2010 on a slice of the Lascaux Cave, colors are for 
temperature, vectors are for the air velocity.
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was not detected in September (Table 2). This species 
was previously described on mural painting of the 
Saint-Catherine chapel at Castle Herberstein, Austria 
(Heyrman et al., 2002). Other abundant bacterium 
was Microbacterium murale present in the Great 
Hall of Bulls, Painted Gallery, Apse and Chamber of 
Felines, but only in the September sampling. This 
bacterium was recently isolated and described from 
a cellar wall (Kämpfer et al., 2012). 
Species of the genus Bacillus, belonging to the 
Firmicutes phylum, were frequently isolated in all areas 
high” contamination level (> 500 cfu/m3) previously 
described by Orial et al. (2011) in Lascaux. The 
maximum amount of bacteria was achieved in the 
Chamber of Felines (A8; 1.5x104 cfu/m3), followed 
by the counts obtained along the main axis of the 
cave, from Airlock 2 to deep Painted Gallery (A2-A5; 
counts ranged from 2.4 to 4.5x103 cfu/m3).
The most abundant species in February was 
Brachybacterium fresconis, detected both outside 
and inside the cave, in all halls except the Shaft of 
the Dead Man (A9). However, this actinobacterium 
Representative strains of 
phylotypesa
(Accession Number)
Molecular identificationb
(Similarity %)
Abundancec - February 2010 Abundancec - September 2010
A1 A2 A3 A4 A5 A6 A7 A8 A9 A1 A2 A3 A4 A5 A6 A7 A8 A9
Actinobacteria
B0210-14M4 (HG008781) Agrococcus jenensis (99) ++ - - - - ++ + + ++ - - + - - - - - -
B0910-22U3 (HG008782) Agromyces fucosus (99) - - - - - - - - - - - - - - ++ - - -
B0210-54A3 (HG008783) Arthrobacter arilaitensis (99) + - - - - - - - - - - - - - - - - -
B0210-54A4 (HG008784) Arthrobacter sulfonivorans (99) + - - - - - - - - - - - - - - - - -
B0210-C10 (HG008785) Brachybacterium fresconis (99) ++ +++ +++ +++ +++ ++ +++ +++ - - - - - - - - - -
B0910-55A6 (HG008786) Curtobacterium flaccumfaciens (99) - - - - - - - - - + - - - - - - - -
B0210-56B3 (HG008787) Curtobacterium herbarum (99) + + - - - - - - - - - - - - - - - -
B0210-9I4 (HG008788) Janibacter limosus (99) - - - - - - - - + - - - + - - - - -
B0910-13LL2 (HG008789) Microbacterium murale (99) - - - - - - - - - - + ++ +++ - - +++ ++ -
B0210-22U5 (HG008790) Microbacterium oxydans (98) ++ - ++ + - ++ - - - - - - - - - - - -
B0210-32E2 (HG008791) Micrococcus yunnanensis (99) - - - + - - - + - - - - - - - - - -
B0910-42N2 (HG008792) Rhodococcus erythropolis (99) - - - - - - - - - - +++ + + - - - + ++
B0210-56B2 (HG008793) Rhodococcus globerulus (99) ++ - - + - - - + + - - - - - - - - -
B0210-50V9 (HG008794) Streptomyces subrutilus (100) - + - + + + + + ++ - + - - - - + + -
B0210-28A5 (HG008795) Zhihengliuella aestuarii (99) - + ++ + + - - - - - - - - - - ++ ++ -
Bacteroidetes
B0210-50V2 (HG008796) Flavobacterium chilense (99) - + - - - - - - - - - - - - - - - -
B0210-32E4 (HG008797) Pseudosphingobacterium domesticum  (99) - + + + + + - - + - - + - - - - - ++
Firmicutes
B0210-56B5 (HG008798) Bacillus licheniformis (99) + - - - - - - - - - - - - - - - - -
B0210-8H1 (HG008799) Bacillus muralis (99) - - - + - - - - + - - - - - - - - ++
B0210-14M1 (HG008800) Bacillus mycoides (99) + + - - + + + - + - - - ++ +++ +++ + - ++
B0210-13LL2 (HG008801) Bacillus pulmilus (99) - - - - - - ++ - - - - - - - - - - -
B0910-4D1 (HG008802) Bacillus simplex (99) - - - - - - - - - - - - - - - - ++ -
B0910-57A7 (HG008803) Bacillus weihenstephanensis (100) - - - - - - - - - ++ - - - - - - - -
B0210-55A1 (HG008804) Staphylococcus equorum (99) + - - - - - - - - - - - - - - - - -
B0910-56B1 (HG008805) Staphylococcus lentus  (99) - - - - - - - - - + - - - - - - - -
Alphaproteobacteria
B0910-28A1 (HG008806) Phyllobacterium ifriqiyense (99) - - - - - - - - - - - + - + - - - -
B0210-22U3 (HG008807) Sphingomonas faeni (98) - - - - - + - - - - - - - - - - - -
Betaproteobacteria
B0210-50V6 (HG008808) Advenella kashmirensis (99) - + - - - - - - - - - - - - - - - -
B0210-28A7 (HG008809) Massilia timonae (99) - - - - + - - + - - - - - - - - - -
Gammaproteobacteria
B0910-23V4 (HG008810) Acinetobacter johnsonii (99) - - - - - - - - - - - - - - + - - -
B0210-3C7 (HG008811) Acinetobacter lwoffii (99) - + - - + - - + - - - - - - - - - -
B0210-45N5 (HG008812) Pseudomonas stutzeri (99) - + + - + + - - ++ +++ + + + ++ + + - -
B0910-8H1 (HG008813) Pseudomonas xanthomarima (99) - - - - - - - - - - - - - - - - - ++
B0910-56B4 (HG008814) Stenotrophomonas maltophilia (99) - - - - - - - - - + - - - - - - - -
a All strains belonging to the same phylotypes showed colonies with identical morphological characters and very high similarity percentages (99-100%) between their rDNA sequences.
b Identification based on comparison of their rDNA 16S sequences with GenBank by BLAST algorithm from EzTaxon. The closest relative type strains are detailed.
c The abundance was estimated as percentage of colonies isolated from each sampling point: absent  (-), < 10% (+), 10-50% (++), and  >50% (+++).
Table 2. Bacteria retrieved from air samples collected from Lascaux Cave.
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Species of the genera Cladosporium and Penicillium 
were frequently isolated in February and September 
from both outside and inside the cave (Table 3); they 
are saprophytic fungi with cosmopolitan distribution. 
Both genera were previously detected in the air 
of Lascaux Cave (Orial et al., 2011). Aspergillus/
Penicillium was the most abundant spore type found 
in the air of Nerja Cave, which represented 50% of 
the total spores, followed by Cladosporium with 17% 
(Docampo et al., 2011). Strains of Cladosporium and 
Penicillium were frequently isolated from air samples 
in other Spanish caves (Domínguez-Moñino et al., 
2012), and from various cave samples in the Domica 
Cave, Slovakia (Nováková, 2009).
Some others fungi, widely distributed in Lascaux 
Cave, were identified as Doratomyces sp., Geomyces 
pannorum, Gliomastix murorum, and Ochroconis 
lascauxensis (Table 3). Doratomyces spp. were also 
isolated from caves in Slovakia (Nováková, 2009), 
Japan (Nagai et al. 1998) and USA (Vaughan et al., 
2011). Geomyces pannorum was previously reported in 
Lascaux Cave (Bastian et al., 2009) and Domica Cave 
(Nováková, 2009). Members of the Gliomastix genus 
were isolated from air in Lascaux Cave (Orial et al., 
2011). Ochroconis lascauxensis was recently described 
as the fungus responsible of the black stains outbreak 
in Lascaux Cave (Martin-Sanchez et al., 2012a). 
In September, the fungal contamination levels were 
considerably reduced inside the cave, ranging from 10 
- 190 cfu/m3 (Table 1). The maximum amount of fungi 
was achieved in both the deep Painted Gallery and the 
Chamber of Felines (A5 and A8; 190 cfu/m3). These 
concentrations would be mainly within the category 2 
defined by Porca et al. (2011), or between the “very low” 
and “medium” levels defined by Orial et al. (2011).
In contrast with the fungal variability detected in 
February, all grown colonies from the Passageway 
(A6) in September were identified as Bulleromyces 
albus (Table 3). The yeast B. albus produces 
ballistospores which are discharged to the air with 
a high acceleration. This species also secretes a 
killer toxin inhibitory to many ascomycetous and 
basidiomycetous yeast-like fungi (Golubev et al., 
1997). According to these data, probably, B. albus 
ballistospores were being discharged near to the 
Duo SAS sampler during the collection of A4 and A6 
samples in September. Thus, its high concentration 
likely interfered in the isolation of other fungi.
Regarding Ochroconis lascauxensis, this species was 
isolated in February from five halls inside the cave, 
with percentages of colonies ranging from 1.6 to 24%, 
reaching the maximum in the Chamber of Felines. In 
September, no colony of this fungus was detected in 
any sample (Table 3). However, in a previous study 
using a specific and very sensitivity real-time PCR 
method, O. lascauxensis was detected in air samples 
collected at the same date (21 September 2010) from 
five halls of Lascaux Cave using a Coriolis sampler 
which permitted the detection of fungal DNA collected 
in a liquid support (Martin-Sanchez et al., 2013). 
The concentrations of O. lascauxensis DNA detected 
by real-time PCR ranged from 8.8 to 35.3 pg/m3, 
reaching the maximum in the Passageway. These low 
of Lascaux Cave, except the Great Hall of Bulls (Table 
2). Bacillus strains have been previously isolated from 
Lascaux Cave (Orial et al., 2011), Altamira Cave in Spain 
(Laiz et al., 1999), Grotta dei Cervi in Italy (Laiz et al., 
2000a), and Sahastradhara, Mawsmai and Krem Phyllut 
caves in India (Baskar et al., 2006, 2009). The most 
abundant Bacillus species was B. mycoides, detected 
in six air samples in February and five in September. 
Strains of B. mycoides, capable to precipitate calcite in 
vitro, were isolated from wall deposit in Krem Phyllut 
Cave, India (Baskar et al., 2009). 
The most abundant Proteobacteria, with five positive 
samples in February and seven in September, was 
identified as Pseudomonas stutzeri. This Pseudomonas 
species is usually found in caves and catacombs subjected 
to strong anthropogenic impact (Laiz et al., 2000b; De 
Leo et al., 2012), and in contaminated environments 
(Mulet et al., 2011). Like other Pseudomonas species, 
P. stutzeri is involved in environmentally important 
metabolic activities related to metal cycling and 
degradation of biogenic and xenobiotic compounds (oil 
derivatives, aromatic and non-aromatic hydrocarbons 
and biocides) (Lalucat et al., 2006).
In September, the bacterial contamination levels 
were considerably reduced inside the cave (Table 1). 
However, the counts in A2-A8 would belong to the 
“high” (250-500 cfu/m3) or “very high” (> 500 cfu/m3) 
levels defined by Orial et al. (2011).
Airborne fungi
Similar to bacterial communities, the fungal 
phylotypes in each season varied significantly (Table 3). 
Overall, the majority of fungal phylotypes corresponded 
to the phylum Ascomycota (80.8% of total phylotypes), 
and the rest to Basidiomycota (19.2%).
In February, the fungal contamination levels inside 
the cave were quite high, generally ranging from 150 
- 950 cfu/m3 (Table 1). The maximum amount of 
fungi was achieved in the deep Painted Gallery (A5; 
950 cfu/m3) followed by the Chamber of Felines (A8; 
700 cfu/m3). According to Porca et al. (2011), these 
levels would be within the categories 3 or 4, which 
corresponded to a cave already affected by fungi. 
The most abundant species in February were 
Aspergillus versicolor and Verticillium leptobactrum, 
which were isolated from five sampling points located 
inside the cave (Table 3). High concentrations of A. 
versicolor were reached in the Chamber of Felines 
(87.6% of total colonies) and in the Apse (40.1%). This 
species was previously found in Lascaux Cave (Bastian 
et al., 2009), and other caves from India (Koilraj et 
al., 1999), Slovakia (Nováková, 2009) and Spain 
(Domínguez-Moñino et al., 2012). High concentrations 
of V. leptobactrum were found in February in the 
Shaft of the Dead Man (76%) and in the entrance of 
the Painted Gallery (40.1%), and in September in the 
Apse (26.6%). Bastian et al. (2009) also detected V. 
leptobactrum in the clone libraries constructed with 
wall and sediment samples from this cave. This fungal 
species is a well know parasite of nematodes (Godoy 
et al., 1982), hence, its abundance may indicate a 
relevant population of nematodes in Lascaux Cave, 
which presence was already reported by Lefèvre (1974). 
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their abundance and evolution along two different 
surveys in periods where a climate system was 
operating or remained inactive. Although visitors are 
not allowed at present in the cave, the aerobiological 
approach should be introduced as a routine monitoring 
in order to detect and prevent further outbreaks.
In all halls and galleries studied the quantifications 
of cultivable bacteria were higher than those of fungi. 
Bacteria and fungi were much higher in February 
(stratified air) than in September (convection currents). 
In the two samplings, the lowest amounts of bacteria 
and fungi were obtained in the Shaft of Dead Man which 
is the most inaccessible hall. The highest concentrations 
of bacteria were found in the Chamber of Felines 
(February) or in the Great Hall of Bulls (September) while 
the Painted Gallery showed the highest concentration of 
fungi both in February and September.
It is noteworthy that while two of the three microbial 
crises experienced in this cave were produced by 
fungi, their concentrations in air were similar to those 
found in other caves as well as the genera identified 
(Aspergillus, Cladosporium, Penicillium, Verticillium). 
However, bacterial concentrations were considerably 
higher, particularly Brachybacterium fresconis 
(February) and Microbacterium murale (September), 
both bacteria recently isolated and described from 
concentrations represent a scarce percentage of the 
total air microbiota. Therefore, it is not surprising that 
O. lascauxensis was rarely detected with the method 
used in this study.
Taking into account the well-known limitations of 
culture-dependent approaches, future aerobiological 
studies should be complemented with molecular 
analyses of microbial communities using methods 
as construction of clone libraries or high-throughput 
sequencing. In this sense, an additional study 
performed in Lascaux Cave should be mentioned. 
Two clone libraries, based on the same rDNA regions, 
were also constructed to characterize the bacterial and 
fungal communities of one air sample collected the 21st 
September 2010 from the Passageway using a Coriolis 
sampler (data not shown). The molecular results 
showed a microbial diversity significantly higher than 
by culturing, especially for fungi. This difference could 
be due to the abundance of non-cultivable organisms 
and the high sensitivity of such molecular method.
CONCLUSIONS
The aerobiological analysis of samples yielded a 
representative inventory of the cultivable bacteria and 
fungi present in the Lascaux Cave, the estimation of 
Representative strains of 
phylotypesa
(Accession Number)
Molecular identificationb
(Similarity %)
Abundancec - February 2010 Abundancec - September 2010
A1 A2 A3 A4 A5 A6 A7 A8 A9 A1 A2 A3 A4 A5 A6 A7 A8 A9
Ascomycota
F0210-11K1 (HG008742) Acremonium nepalense (99) - - - - - + + - - - - - - - - - - -
F0210-12L1 (HG008743) Alternaria sp.  (100) - - - - - - + - - + - - - - - - - -
F0210-31D2 (HG008744) Aspergillus cavernicola (99) - - - + - - - - - - - - - - - - - -
F0210-1A3 (HG008745) Aspergillus versicolor (99) - + ++ - ++ - ++ +++ - - - - - - - - - -
F0910-49U4 (HG008746) Cladosporium sp. (100) ++ - - +++ - - - + - ++ ++ - +++ + - + ++ +++
F0210-39L3 (HG008747) Coniothyrium sp. (99) - - + - - - - - - - - - - - - - - -
F0210-40L4 (HG008748) Debaryomyces sp. (99) - - + - - - - - - - - - - - - - - -
F0910-7G1 (HG008749) Doratomyces sp. (98) - - - + ++ + + - - - - +++ - - - - ++ -
F0910-53Y1 (HG008750) Epicoccum nigrum (99) - - - - - - - - - ++ - - - - - - - -
F0210-20S4 (HG008751) Geomyces pannorum (100) - + + + - + - - - - - - - - - - - -
F0210-2B2 (HG008752) Gliomastix murorum (100) - +++ - - ++ - - + - - - - - - - - - -
F0910-48T4 (HG008753) Hirsutella sp. (98) - - - - - - - - - - ++ - - - - - - -
F0210-49U4 (HG008754) Hormonema dematioides (99) - + - - - - - - - + - - - - - - - -
F0210-21T1 (HG008755) Hypocreales sp. (99) - - ++ - - ++ - - - - - - - - - - - -
F0210-20S2 (HG008756) Mortierella sp. (99) - - ++ - - ++ - - - - - - - - - - ++ -
F0210-7G2 (HG008757) Ochroconis lascauxensis (100) - - + - + + + - ++ - - - - - - - - -
F0210-26Y1 (HG008758) Penicillium sp. (100) +++ + - - ++ - - - - + ++ ++ - - - +++ - -
F0210-26Y3 (HG008759) Pochonia suchlasporia (99) - - - - ++ - - - - - - - - - - - - -
F0210-12L2 (HG008760) Trichoderma sp.  (98) - - - - - - ++ - - - - - - - - - - -
F0910-25X1 (HG008761) Trichophyton sp. (97) - - - - - - - - - - - - - +++ - - - -
F0210-1A1 (HG008762) Verticillium leptobactrum (99) - - - ++ - ++ + + +++ - - - - - - ++ - -
Basidiomycota
F0910-30C2 (HG008763) Bulleromyces albus (99) - - - - - - - - - - - - +++ - +++ - - -
F0910-6F4 (HG008764) Cryptococcus dimennae (98) - - - - - - - - - - - - - - - - ++ -
F0210-53Y4 (HG008765) Sporobolomyces sp. (99) + - - - - - - - - - - - - - - - - -
F0910-49U1 (HG008766) Sporobolomyces roseus (100) - - - - - - - - - - + - - - - - - -
F0910-11K1 (HG008767) Sporobolomyces ruberrimus (100) - - - - - - - - - - - - - - - + - -
a All strains belonging to the same phylotypes showed colonies with identical morphological characters and very high similarity percentages (99-100%) between their rDNA sequences. 
b Identification based on comparison of their ITS sequences with GenBank by BLAST algorithm from NCBI.
c The abundance was estimated as percentage of colonies isolated from each sampling point: absent  (-), < 10% (+), 10-50% (++), and  >50% (+++).
Table 3. Fungi retrieved from air samples collected from Lascaux Cave.
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subterranean and indoor environments, respectively. 
The possible effect of these and other bacteria on the 
paintings is a topic not yet investigated.
Finally, the data showed that the management 
of the climate system had a noticeable influence 
on the concentration and dispersion of airborne 
microorganisms and open the question on the benefit of 
having an adaptive system based on the existing climate 
system in operation after each human presence in the 
cave in order to reduce the microbial charge in the air.
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an important role in accretion of microbial mineral 
deposits. In addition to trapping and binding of 
sediments, they can also actively promote mineral 
growth through biogeochemical pathways associated 
with their metabolism, for example through excretion 
of hydroxyl ions during photosynthesis, which 
increase alkalinity and promote calcite growth (Arp et 
al., 1999a, 1999b; Arp et al., 2001). Bacteria using 
other metabolic pathways such as heterotrophic 
sulphate reducing bacteria (SRB’s) or Actinobacteria 
have also been known to affect the alkalinity of their 
microenvironment and therefore induce mineral 
precipitation in both stromatolites and various kinds 
of cave deposits (Braissant et al., 2007; Curry et al., 
2009; Braissant et al., 2012). In many cases, microbes 
and their extracellular polymeric substances, EPS, 
act as effective nucleation substrates, which can lead 
to a passive encrustation of biofilm communities that 
INTRODUCTION
The formation of authigenic minerals, which are 
deposited as speleothems in caves, is controlled by 
hydrodynamical conditions such as fluid flow and 
saturation, as well as geochemical conditions like 
redox, pH and host rock composition. One parameter 
that is still unclear is the degree and nature of 
microbial involvement in speleothem formation 
(Barton et al., 2001; Barton & Northup, 2007). 
Speleothems are usually associated with active or 
encrusted microorganisms. Speleothem microbiota 
can be highly varied, containing bacteria, fungi, algae, 
testate amoeba, collembolan and mites among other 
organisms (Vidal Romaní et al., 2013). However, the 
question remains whether the microorganisms are 
actively involved in the formation or simply buried 
during mineral precipitation. Microorganisms play 
Tjuv-Antes grotta (Tjuv-Ante’s Cave) located in northern Sweden is a round-abraded sea 
cave (‘tunnel cave’), about 30 m in length, formed by rock-water abrasion in a dolerite 
dyke in granite gneiss. Abundant speleothems are restricted to the inner, mafic parts of the 
cave and absent on granite parts. The speleothems are of two types: cylindrical (coralloid, 
popcorn-like), and flowstone (thin crusts). Coralloids correspond to terrestrial stromatolite 
speleothems in which layers of light calcite alternate with dark, silica-rich laminae. The dark 
laminae are also enriched in carbon and contain incorporated remains of microorganisms. 
Two types of microbial communities can be distinguished associated with the speleothems: an 
Actinobacteria-like biofilm and a fungal community. Actinobacteria seem to play an important 
role in the formation of speleothem while the fungal community acts as both a constructive 
and a destructive agent. A modern biofilm dominated by Actinobacteria is present in the 
speleothem-free parts of the dolerite and located in cave ceiling cracks. These biofilms may 
represent sites of early speleothem formation. Because of its unusual position in between 
two types of host rock, Tjuv-Ante’s Cave represents a unique environment in which to study 
differences in microbe-rock interactions and speleothem genesis between the granite and 
dolerite host rock. Our study shows that the mafic rock is superior to the granite in hosting a 
microbial community and to support formation of speleothems.
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dyke in granite gneiss. The length of the cave forming 
crevice is about 30 m, with a width of approximately 
0.5 to 1.5 m (Fig.1A). The inner part of the crevice has 
a dolerite ceiling, forming a dark zone, while the outer 
part is open (Fig. 1A). The outer part of Tjuv-Ante’s Cave 
is filled with dolerite boulders from collapsed ceiling 
(Fig. 1A and 1B). The crevice with the cave shows signs 
of abrasion, forming a round-abraded sea-cave (tunnel 
cave sensu Sjöberg, 1994) with rounded boulders 
found in the inner part (Fig. 1A). The abrasion of the 
crevice, and thus the origin of the cave, was initiated 
around 8,000 years BP when the shoreline was at 
the level of the higher parts of the crevice due to the 
eustatic uplift following the Weichselian glaciation 
(Berglund, 2012). The abrasion continued until about 
6,500 years BP when the crevice with the cave was 
raised too high above sea level to be modified by high 
energetic waves (Sjöberg, 1982).
Tjuv-Ante’s Cave lies in the cold temperate zone, 
but near the subarctic, with a climate characterized 
by large temperature variations. The January mean 
temperature is about -10˚C, while the July mean 
temperature is around +15˚C. The yearly mean 
temperature is close to +5˚C. The mean precipitation 
is 700 mm/year, with about 35% of the precipitation 
as snow (SMHI, 2012).
Samples
Four samples of 1x1 cm were collected from various 
locations in the speleothem (see Fig. 1A). Sampling 
sites were selected with respect to variations in 
speleothem morphology, presence and absence of 
biofilms and to avoid visible damage. Efforts were made 
to avoid introduction of extraneous contamination. 
The samples were contained in aluminum foil after 
sampling and they have only been treated with 
stainless steel forceps and not touched by ungloved 
hands. The speleothems and associated microbial 
structures were studied by a combination of optical 
microscopy and Environmental Scanning Electron 
Microscope (ESEM) coupled with Energy Dispersive 
Spectrometry (EDS). δ13C analysis was also performed 
on two speleothem samples.
A modern biofilm that was not directly associated 
with the speleothem but found concentrated in cracks 
in the dolerite ceiling, was sampled with stainless 
steel forceps. The samples were instantly placed 
in glass bottles and frozen and only extracted for 
analysis with optical microscopy, ESEM/EDS and 
staining with the dye DyLight 488 NHS ester under 
fluorescent microscopy. Optical microscopy was 
performed on fresh biofilm and vertical and horizontal 
polished speleothem sections (some samples were 
infused in a clear epoxy), using a NIKON SMZ-1000 
Stereomicroscope and an Olympus BX51 microscope 
with an Olympus DP71 camera.
The ESEM analyses were performed at the 
Department of Geological Sciences, Stockholm 
University using a Philips XL 30 ESEM-FEG, which 
is a field emission microscope. EDS analyses were 
performed using an Oxford x-act Energy Dispersive 
Spectrometer (EDS). The samples were subjected to 
a pressure of 0.5 torr and the accelerating voltage 
influence the fabrics of the speleothems. However, EPS 
and their negatively charged functional groups, appear 
to play a dual role in mineral precipitation. At first, the 
EPS can act as a cation sink which may inhibit mineral 
precipitation until this sink either has been surpassed 
due to very high concentrations of for example mineral-
forming Ca2+ or Mg2+ ions in the ambient water, or until 
sufficient degradation of the EPS by heterotrophic 
bacteria has occurred to release some of the trapped 
divalent cations back into the water (see for example 
Dupraz & Visscher, 2005; Dupraz et al., 2009). Some 
microorganisms, especially fungi, are also known to 
act as mineral destructive agents, primarily through 
chemical etching and physical breakdown of the 
substrates (e.g., Jones, 2001).
The most fundamental parameter that influences 
the mineralogy of speleothems is the type of rock in 
which the cave is hosted. Since speleothem formation 
is influenced by infiltrating rain or groundwaters 
that have passed through the rock, its composition 
naturally reflects the composition of the host rock. 
Karstic caves in limestones, for example, are usually 
characterized by calcite speleothems. In granitic 
caves, speleothems are fairly common (Vidal Romaní 
et al., 2010) and although many different speleothem-
forming minerals have been identified (for example 
evansite, bolivarite, struvite, pigotite, taranakite, 
allophane, hematite, goethite, halite, gypsum, 
anhydrite, plumbo-aragonite and even calcite), the 
most common authigenic mineral of speleothems 
in granitic caves is opal-A, an amorphous hydrated 
polymorph of silica (Vidal Romaní et al., 2013). 
Although calcite has not been reported as a major 
speleothem forming mineral from granitic caves before, 
many studies (e.g., Woo et al., 2008; Baskar et al., 
2009; Gysi & Stefánsson 2012a, 2012b; Hövelmann 
et al., 2012; Oskierski, 2013; Schwarzenbach et al., 
2013; Van Noort et al., 2013) mention the existence 
of calcite in caves developed in plutonic or volcanic 
magmatic rocks such as granodiorites, peridotites, 
serpentinites and basalts. In lava caves hosted in 
mafic volcanic rocks, speleothems are frequently 
formed by precipitation of opal-A and calcite as well 
as other minerals like oxides and sulfides (Woo et al., 
2008; Baskar et al. 2009; White, 2010).
Tjuv-Ante’s Cave in Västerbotten County, northern 
Sweden, is developed by marine erosion in a dolerite 
dyke intruded in granite gneiss; therefore, the cave 
walls are of granite and the ceiling of dolerite. This 
makes it an excellent site to compare geochemistry, 
speleothem formation and microbial colonization 
between the different types of host rock. To our 
knowledge, a combined granite and dolerite cave like 
Tjuv-Ante’s Cave has not been previously described in 
a geomicrobiologic context.
SAMPLES AND METHODS
Tjuv-Ante’s Cave
Tjuv-Ante’s Cave is situated at an elevation of 90 
metres above sea level in Storrisberget’s Nature 
Reserve on the north-eastern Swedish coast at N 63° 
35.6’, E 19° 22.8’. The cave is formed along a dolerite 
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From these measurements the reproducibility was 
calculated to be better than 0.15‰ for δ13C. The 
relative error was <1% for the measurements.
RESULTS
The speleothem
The speleothems in Tjuv-Ante’s Cave can be divided 
into three categories based on morphology: coral-like, 
popcorn-like (cylindrical speleothems) and thin crusts 
(flowstone):
(i) Coral-like speleothems consists of globular calcite 
cemented into elongated finger-shaped coralloids 
(Fig. 2A-C), approximately 1-4 cm long. The coralloids 
grow actively on the cave wall and ceiling (Fig. 2A), 
and they are often covered in a graded dark brown-
black biofilm (Fig. 2B-C). The coralloids grow in dense 
groups and are abundant in the cave. Studies of the 
coralloid microfabric using ESEM reveal that the 
primary fabric in actively accreting areas consist of 
mainly acicular calcite crystals together with some 
euhedral, blocky calcite (Fig. 2D-E).
(ii) Smooth rounded, popcorn-like speleothems grow 
on the dolerite cave walls in proximity to the coral 
speleothems (Fig. 3A). Morphologically, these are 
similar to the coral-like speleothems but are generally 
more rounded. Spherical protrusions extend from an 
overall smooth calcite stem, resembling a popcorn-
like morphology (Fig. 3B-D).
was 15 or 20 kV depending on the nature of the 
sample. The instrument was calibrated with a cobalt 
standard, and peak and element analyses were made 
using INCA Suite 4.11 software.
For SEM observations, the samples were prepared 
at the Institute of Geology, University of Coruña, 
according to standard protocol. This includes 
desiccation through storage in a hermetic desiccator 
of silica gel for one week, to avoid the production 
of artifacts, especially polygonal cracking of the 
amorphous opal layers. Once desiccated, the samples 
were coated by sputtering with a thin gold layer of 
50-100 Å, using the catodic pulverization equipment 
BAL-TEC SCD 004. Carbon sputtering was not used 
because of potential masking of the carbon content 
in organic parts of the samples. The samples were 
studied under a JEOL JSM 6400 Scanning Electron 
Microscope.
After examination of the speleothems under 
binocular magnifying lenses, samples of calcium 
carbonate crystals were separated and sent to the 
AMS Tandem Laboratory of Uppsala (Sweden) for 
dating. No special treatment of these samples was 
necessary.
Stable isotopes δ13C
For stable isotope analysis, the samples were 
combusted with a Carlo Erba NC2500 analyser 
connected via a split interface to reduce the gas 
volume to a Finnigan MAT Delta V mass spectrometer. 
Fig. 1. Profile map of Tjuv-Ante’s Cave (Tjuv-Antes grotta) (A) where red indicates sampled speleothems and blue indicate sampled cave wall 
biofilm. (B) Tjuv-Ante’s Cave as seen from the outside, looking in. Boulders block part of the cave crevice.
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(iii) Smooth calcite crusts (flowstone) resemble a 
highly eroded version of the coralloid speleothems 
and often exhibit small, evenly polished, protrusions 
(Fig. 3E). They are commonly covered in dark biofilms 
and appear moister than the other two types. 
All speleothems grow exclusively from the dolerite 
area of Tjuv-Ante’s Cave. Microfabric analyses reveal 
that the speleothems have accreted in cycles, as 
shown by more or less concentric and stromatolite-
like laminations visible in cross sectional speleothem 
fragments (Fig. 4A). The laminae consist of alternating 
dark and lighter layers, which can be distinguished 
on the basis of elemental composition as well as 
morphological variations between crystals and the 
general matrix (Fig. 4B). As opposed to the almost 
pure calcite found among the lighter laminae, 
the dark laminations have high silica contents 
(up to approximately 20 wt%), which are usually 
accompanied by high (up to 7-15 wt%) Mg-levels. 
The dark areas are also characterized by high carbon 
contents. The high carbon contents in these areas 
are hypothesized to reflect the former presence and 
mineralization of organic rich biofilms, which is 
further supported by the presence of incorporated 
coccoidal and filamentous structures, and carbon-
rich EPS-like films associated with the darker areas 
(see section on speleothem microbiology).
Fig. 2. Abundant coral speleothem growing on the dolerite part 
of Tjuv-Ante’s Cave (A). Close-up of coralloids extended from 
the cave ceiling. Note the dark biofilm that covers the tip of the 
coralloids (B-C). Photomicrographs showing the calcite matrix of coral 
speleothems, which consist of acicular calcite crystals together with 
some euhedral calcite (D-E). Note how groups of coccoidal structures 
are concentrated on the tip of acicular calcite crystals (arrow, Fig. 3E). 
C14 dating
A sample of the speleothems was dated by C14 
at the Ångström Laboratory in Uppsala, Sweden, to 
1259±30 years B.P.
Speleothem microbiology
There are mainly two different types of biofilm 
associated with the coralloid speleothems: a recent 
mycelium-like community that covers large areas 
around the top of growing coralloids, and a biofilm 
dominated by small filaments and spore-like coccoids 
in an EPS matrix (see Fig. 5A-G):
Speleothem biofilm
The biofilm is characterized by incorporated 
and protruding filaments, ~1 µm in diameter and 
approximately 10 µm in length. The filaments are 
regularly septated and branch frequently (Fig. 5A and 
B, arrows). Helically coiled loops of filaments are also 
present in these types of biofilms, which are found in 
actively accreting areas of the coralloid speleothems 
(Fig. 5C).
The coccoid structures are about 1-2 µm in diameter 
and are found in assemblages of hundred or more 
(Fig. 5D-E). The coccoids appear to be calcified and 
are covered with acicular calcite crystals (e.g., Fig. 5F-
G), but smooth, uncovered coccoids occur as well. The 
Fig. 3. Popcorn-like speleothem on the dolerite wall of Tjuv-Ante’s 
Cave (A). Close-up of popcorn-like morphologies (B-D) where smooth 
calcite spherules protrude from a thicker stem (B). Dark biofilm cover 
the surface of many popcorn-like speleothems (B-C) though some 
speleothems appear uncovered (D). (E) Smooth calcite crusts with 
small drop-like calcite protrusions. Note the presence of dark biofilm 
on the surface.
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the calcite matrix. The hypha also appears to play 
a destructive role in speleothem genesis by actively 
etching the calcite or mechanically moving through, 
and enlarging, cracks in the fabric (e.g., Fig. 6F).
Carbon isotopes
Two of the speleothem samples were used for 
carbon isotope studies. The δ13C measurements of the 
calcium carbonate range between 9.0 and 11.0, which 
suggest an inorganic source for the carbon (Sharp, 
2007).
Cave-wall biofilm
The innermost ceiling, opposite to the part of the cave 
where most speleothems were sampled, is covered by 
an active biofilm. This biofilm is bright white when 
enlighted by flash lights and located to fractures 
in the dolerite where water is percolating (Fig. 7A). 
Optical microscopy and ESEM show that the biofilm is 
dominated by filaments, 1 to a few µm in thickness and 
tens of µm in length, coccoidal structures ~10 µm in 
diameter, and biofilm EPS with incorporated mineral 
fragments (Fig. 7B). The inorganic parts of the biofilm 
is dominated by carbonates that are presumed to 
general calcite matrix is characterized by the presence 
of groups of coccoids that are loosely attached to the 
edge of larger acicular calcite crystals like grapes on a 
vine (see Fig. 5F-G).
Recent mycelium-like communities
In contrast to the biofilm and its related 
biostructures, the speleothems are also covered in 
recent mycelium-like microbial communities (Fig. 6). 
These communities consist of interconnected hyphae-
like filaments, 10-20 µm in diameter and several 
mm in length (Fig. 6A-B). The filaments as seen in 
optical microscopy consist of various types mainly 
distinguished by coloration varying between green, 
pink and white (Fig. 6B-D). In ESEM the filaments 
dehydrate and become flat, and EDS analyses show 
that they mainly consist of C, thus, they were live at 
sampling.
The recent mycelium-like communities appear to 
be a secondary colonization, which have a dual effect 
on the speleothems. In some cases, the filaments 
are incorporated into the speleothem fabric through 
rapid encrustation with calcite (Fig. 6E), which 
adds to the accretion of the calcite fabric. When the 
filaments are trapped and calcified, this affects the 
elemental composition, as well as the morphology of 
Fig. 4. (A) Optical stereomicrograph of coralloid speleothem in cross 
section along a vertical profile. (B) Vertical profile of a coralloid 
speleothem (indicated by the box) as seen with SEM. Note the 
stromatolite-like lamination and cyclic nature of the dark/lighter 
laminae.
Fig. 5. Speleothem biofilm containing branching, septated filaments, 
spore-like coccoids, helically coiled filaments and EPS (A-F). (A) 
Scanning electron photomicrograph showing branching (arrows) 
microbial filaments imbedded in biofilm EPS. (B) Scanning electron 
photomicrograph of microbial filaments in EPS. Note segmentation 
among the filaments (arrow). (C) Photomicrograph of helically coiled 
filaments from a coral-like speleothem. (D-F) Photomicrographs of 
acicular calcite associated with abundant calcified coccoidal bodies. 
Note how the coccoids are situated in loose groups or aggregates on 
the top of acicular calcite crystals (arrows in D-E).
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assemblages of spore-like structures and sacs with 
spores are all consistent with Actinobacteria-like 
morphologies (Miyadoh et al., 1997). Actinobacteria 
were once classified largely on their morphological 
traits and their morphologies are therefore better 
documented than those of many other prokaryotes. 
The morphological characteristics were considered so 
distinct that various taxa could be identified (Tresner 
et al., 1969). It has, however, been argued that such 
features are not indicative of their true taxonomic 
diversity and phylogenetic relationships (Goodfellow 
& Williams, 1983), thus, we have not attempted to 
identify specific taxa. 
It needs to be stressed that the biofilms on both 
the speleothems and the cave wall probably do not 
consist of Actinobacteria exclusively but various 
bacterial communities, which will be characterized in 
future molecular studies. However, according to the 
microbial morphologies Actinobacteria appear to be 
the dominating group of bacteria in the Tjuv-Ante’s 
Cave.
Actinobacteria is one of the most commonly identified 
microbial groups in cave biofilms, speleothems and 
cave soils from all over the world and from various type 
have precipitated within the biofilm, but dolerite rock 
fragments containing Fe, Si, Al, S, Mg, K, Mn, and 
Ti are frequent. The EPS is dominated by C, P and 
Ca with minor amounts of the previously mentioned 
elements. 
Staining with the dye DyLight 488 NHS ester under 
fluorescent microscopy revealed septation among 
the filaments. It was also shown that the coccoidal 
structures are actually sacs with smaller, spore-like 
structures within (Fig. 7C-F). About 10-30 spore-
like structures are contained in each sac, which are 
often found grouped together in loosely attached 
aggregates, not unlike the growth behavior of the 
calcified coccoids from speleothem biofilms (compare 
Fig. 7D-F to Fig. 5E-F).
DISCUSSION
Microbiology of Tjuv-Ante’s Cave
Classifying microorganisms from their morphological 
traits is not preferable and should be combined 
with phylogenetic studies. However, the microbial 
morphologies of the speleothem biofilm and the 
cave wall communities are very characteristic and 
distinct. The morphologies characterized by repeated 
septated filaments, helically looped filaments, 
Fig. 6. Modern fungal communities associated with coral-like (A-E) 
speleothem and thin calcite crusts (F). (A) Photomicrograph of partly 
encrusted fungal hyphae associated with coral-like speleothems. (B-
D) Coralloids associated with fungal communities distinguished by 
their bright coloration of pink, green and white. (E) Scanning electron 
photomicrograph showing extensive encrustation of fungal hyphae 
with calcite (arrow). (F) chemical etching by fungal hyphae leave trails 
on smooth calcite crusts from Tjuv-Ante’s Cave.
Fig. 7. Cave wall biofilm growing in cracks on the dolerite ceiling 
(where speleothems are absent or rare) (A-F). (A) Biofilm with a white 
glow (when lit by flashlight), note how the concentration of biofilm 
increases where there are cracks present in the rock. (B) Scanning 
electron photomicrograph of cave wall biofilm. Note the presence 
of filaments and thread-like EPS. (C-F) Micrograph of cave wall 
biofilm stained with the dye DyLight 488 ester and examined with 
fluorescence microscopy. Note the presence of narrow filaments and 
how larger sacs contain smaller spore-like objects. Note also how the 
sacs with spores are distributed; they are often found in groups not 
unlike the growth behavior of calcified coccoids from the speleothem 
biofilms.
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Mineralogy of the speleothems
Speleothems in granitic caves normally consist of 
opal-A (Vidal Romaní & Vaqueiro Rodríguez, 2007; 
Vidal Romaní et al., 2010), just like speleothems 
in karsts and carbonate rocks mainly consist of 
carbonate minerals. Thus, the composition of the 
host rock greatly influences the composition of the 
speleothems. Tjuv-Ante’s Cave is by definition a 
granite cave, however, the dolerite part is significant 
and influences both the geochemistry and biology 
in the cave. The speleothem and active biofilms are 
exclusively concentrated to the dolerite part of the 
cave and therefore, Tjuv-Ante’s Cave is most related 
to volcanic caves with respect to authigenic minerals 
like calcite and Opal-A.
Dolerite is a plutonic rock equivalent in composition 
to basalt (which generally forms the volcanic tubes). 
The calcium content is quite high in dolerite compared 
to granite due to the high content of calcium-rich 
plagioclase, anorthite. Calcite is a common alteration 
mineral in mafic rocks, thus, it is not strange that 
calcite is a common mineral in speleothems and other 
secondary precipitates of volcanic caves (White, 2010). 
The mechanism of calcite speleothem formation in 
volcanic caves is the same as in limestone caves. 
Infiltrating rainwaters encounter the CO2–rich soil and 
dissolves CO2 to concentrations orders of magnitude 
greater than the atmospheric values. When acidic 
CO2–rich water reaches the limestone, a reaction 
occur and the limestone is dissolved. Those portions 
of the infiltration water that intersect an underlying 
cave passage is exposed to the lower CO2 pressure 
of the cave atmosphere and excess CO2 is degassed, 
thus supersaturating the drip water and forcing 
precipitation of CaCO3. This would work equally well 
in volcanic caves or a dolerite hosted cave like Tjuv-
Ante’s Cave, except that the source of calcium differs. 
Instead of limestone, the calcium in Tjuv-Ante’s Cave 
is likely derived from the breakdown of anorthite, 
the more calcium-rich side of the plagioclase solid 
solution series in mafic rocks. 
Anorthite is the least stable of the common mafic 
minerals. It breaks down roughly 100 times faster 
than the pyroxene minerals and 5000 times faster 
than olivine in contact with water (Lasaga, 1984). The 
calcium end-member of the plagioclase series breaks 
down roughly 100 times faster than the sodium 
end-member and several 1000 times faster than the 
orthoclase (KAlSi3O8). The only difference between a 
limestone hosted cave and a mafic cave is the rate of 
dissolution, which is much slower in the latter. 
Microbial involvement in speleothem accretion
The speleothems in Tjuv-Ante’s Cave is highly 
influenced by the presence of microbes. Besides 
covering large parts of the speleothem surface, 
biofilms of Actinobacteria are incorporated within the 
darker silica-rich layers. These layers were probably 
deposited during periods of high microbial activity 
in the biofilms, thus, the concentric, stromatolite-
like nature of the coral speleothems is assumed to 
represent seasonal growths of microbial biofilms. 
The biofilms were later mineralized and overgrown 
of caves including karsts, lava tunnels and granite 
caves (Groth et al., 1999; Jones, 2009; Northup et 
al., 2011; Vidal Romaní et al., 2013). According to 
Groth and Saiz-Jiménez (1999) the dominance of 
Actinobacteria in caves may be due to two factors: 
low temperatures and high relative humidity. Most 
caves studied so far are characterized by stable 
temperatures ranging from 13°C to 15°C and high 
relative humidity (Groth et al., 1999 and references 
therein), thus, Actinobacteria are favored by the 
microclimates that prevail in caves. However, they 
are also dependent on the presence of available 
organic matter. Soils (including cave soils with high 
abundance of guano), the main ecological niche for 
Actinobacteria, are characterized by a high input 
of organic matter. In contrast, dripping water on 
stalactites and speleothems are characterized by 
inputs of relative low organic matter. However, 
Actinobacteria are known for their ability to grow 
on very poor media and to use recalcitrant organic 
matter such as lignocellulose, humic substances, 
etc., which presumably is the reason for their 
dominance in unfavorable environments with low 
nutrient supply like caves (Groth et al., 1999; 
Braissant et al., 2012). Growth patterns at low 
nutrients of Actinobacteria isolated from caves 
agree with cooperative growth patterns of bacterial 
colonies from low nutrient experiments (Ben-Jacob 
et al., 1994; Groth et al., 1999). They showed that 
bacteria develop sophisticated modes of cooperative 
behavior to cope with unfavorable conditions 
where aggregates of bacteria move in response 
to gradients in nutrient concentration. Thus, the 
overall microbial population of Tjuv-Ante’s Cave 
appears to be heterotrophic. Chemoautotrophic 
communities might exist further in the fractures of 
the dolerite but there are no signs of them in the 
cave. Photosynthesis appears to be absent as well, 
which is consistent with the fact that the innermost 
part of Tjuv-Ante’s Cave is situated beyond the 
twilight zone.
The localization of microbial communities in the 
fractures indicates that they are dependent on a 
steady fluid supply from within the dolerite. The 
fluids that percolate through the rock likely contain 
organic matter from the surface, accessible for the 
heterotrophic bacterial communities. The fungal 
community, which is also heterotrophic, could use 
both the organic matter from percolating fluids 
as well as the bacterial communities living on the 
speleothems as carbon sources.
The obvious dominance of biofilms and speleothems 
associated with the dolerite walls compared to 
the granite walls in Tjuv-Ante’s Cave suggest that 
the composition of the rock and geochemistry of 
the percolating fluids (which is ultimately a result 
of the rock composition) influence the microbial 
colonization. Dolerite is of mafic composition with a 
high amount of reduced elements like Fe, Mn and S, all 
accessible energy sources for microorganisms. Thus, 
the geochemical prerequisites for chemoautotrophic 
endoliths exist but were not detected in the present 
study.
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up of the speleothems, the modern fungal 
communities mainly have a destructive role 
on the speleothem fabric. This interplay 
between accreting and destructive forces 
on the speleothems ultimately results in 
the three morphological types identified in 
Tjuv-Ante’s Cave; well-developed coralloids, 
smooth popcorn-like speleothems and calcite 
crusts. This is also consistent with the 
younger age of the speleothems, as compared 
to that of the cave.
• The modern cave wall biofilms have a similar 
composition as the calcified speleothem 
biofilms, with thin filaments and spore-like 
coccoids as the main biofilm-communities. 
We suggest that these biofilms represent 
early stages of speleothem formation, or 
at least potential sites for the formation of 
speleothems in Tjuv-Ante’s Cave.
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made use of new techniques to characterize vulnerable 
sites using map overlap and GIS data. However, this 
methodology is useful when assessing large areas, 
even those which were not personally visited. Its 
negatives are the lack of qualified professionals to use 
these new technologies and the time spent preparing 
the maps and the possible absence of pre-existing 
data generating a margin of inaccuracy. 
The use of an index to prioritize conservation of 
Brazilian karst systems began with the creation of the 
‘Importance Value for Cave Conservation’ (Borges et 
al., 2012). This index is composed by indicators and 
statistics in order to rank the caves but this approach 
is limited, because they attribute to all the caves the 
same weight and importance, which would not be the 
most appropriate.   
Such studies present the caves concerning its 
impacts or characteristics, but require long-term 
studies. To assist the regional management of 
caves with same lithology, this study proposes the 
use of the ‘Cave Conservation Index’ (CCI), which 
INTRODUCTION
The success for the conservation of cave 
environments is directly associated with an accurate 
diagnosis of their intrinsic characteristics and their 
risk or vulnerability situation. In Brazil, most studies 
that conduct environmental assessment of caves tend 
to only characterize them qualitatively and indicate 
possible consequences and ways of reparation (e.g. 
Lino, 2001; Ferreira & Horta, 2001; Ferreira, 2002; 
Lobo et al., 2009; Ferreira, 2010). These studies 
present either rapid or ascertained assessments as 
methodologies, but are not liable for comparison 
regarding the indication of vulnerability, extinction 
risk or the relative degree of stability of a particular 
cave in relation to others with similar characteristics. 
The pursuit of appropriate methodologies has 
been proposed by Bovet & Ribas (1992) and recently 
by Hardt (2008), but these approaches still present 
difficulties with regard to the comparison of results 
from different localities. More recently, Gomes (2010) 
The conservation of the Speleological Heritage involves bioecological, geomorphological 
and anthropogenic studies, both from inside the caves and from the external environments 
that surround them. This study presents a method to rank caves according to their priority 
for conservation and restoration. Nine caves were evaluated: indicators related to the 
environmental impacts and the vulnerability status presented by those caves (intrinsic features) 
and the values scored in a ‘Cave Conservation Index’ (CCI) were established. We also used 
a rapid assessment protocol to measure cave vulnerability for prioritization of conservation/
restoration actions (RAP-cr) comparing natural cavities with the same lithology, due to 
“strictu sensu” peculiarities. Based on the protocols applied in caves of the municipality of 
Laranjeiras, Sergipe, Northeastern Brazil, we concluded that the present method attended to 
the needs for the classification of the caves into categories of conservation/restoration status, 
using little time and financial effort, through rapid diagnostics that facilitate the comparisons. 
In this perspective, the CCI can be used to indicate areas that should be protected and caves 
that should be prioritized to have initiated activities of conservation and restoration.
Cave Conservation Index; rapid evaluation protocol; speleological patrimony; cave 
environments; environmental impact
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layers. The Riachuelo section has regions with clay 
sediments interspersed with micaceous rock in 
medium and thin layers. Another region comprises a 
sequence of microcrystalline and pisolitic limestone 
(Araujo & Santos, 2013). The soils are classified 
according to both the new Brazilian soil classification 
(Jacomine, 2009) and the old classification (Correia, 
2004), indicating the predominance of Argisoil (red 
and yellow Podzolic and the variation of reddish 
Brunizem), while the Organosoil (indiscriminate 
halomorphics) originated from the mangrove. The 
soil formation process presents major bands of 
limestone, that naturally favors the presence of caves 
and the deployment of cement and lime industries in 
the region, which cause environmental problems.
As the index of Caves Conservation should be 
applied in caves in the same region, we chose the nine 
caves of this municipality because they are in an area 
with massive opencast mines, Thus at greater risk 
of destruction.The set of caves from the municipality 
of Laranjeiras was chosen due to: (i) the assembly of 
the largest collection of nearby caves registered in the 
State of Sergipe (CECAV, 2013); (ii) the differences 
in the karst formation of its caves; (iii) Due to the 
formation of limestone caves in the municipality, 
these cavities suffer great pressure from mining, as 
well as threats and environmental impacts arising 
from these activities (Donato et al., 2012).
The proposed method was tested in nine caves: 
Aventureiros (10°48’11.5’’S 37°10’49.3’’W), Raposa 
(10°48’51.6’’S 37°10’45.4’’W), Matriana (10°48’04.0’’S 
37°10’46.8’’W) Pseudomatriana (10°47’51.6’’S 
37°10’55.7’’W), Janela (10°49’22.2’’S 37°10’28’’W), 
Tramandaí (10°49’03.5’’S 37°10’12.5’’W), Orixás 
(10°49’04.6’’S 37°10’25.5’’W), Raposinha (10°48’48.9’’S 
37°10’27.8’’W) and Pedra Furada (10°49’14.7’’S 
37°10’40.2’’W) in the municipality of Laranjeiras, State 
of  Sergipe, Brazil.
Study methodology
The developed method is divided into three stages: 
environmental impact and pressure analysis, through 
the rapid assessment protocol of cave environmental 
impact; vulnerability analysis of the cave, through 
the rapid assessment protocol for prioritization 
of conservation and/or restoration actions; and 
comparison of results. The rapid assessment protocols 
should be filled out using secondary data and/or 
field trips. The results, obtained in percentage, are 
compared in the last stage, in which the final value is 
classified into a specific category.
Rapid assessment protocol of cave environmental 
impact (RAP-cei)
The protocol was built based on the structural 
model “Pressure-State-Response” (PSR), developed 
by the Organization for Economic Co-operation and 
Development (OECD, 1993), removing the response 
indicator from the table and using it only on proposals 
of resolutions for pressures and changes in the 
environmental status.
The indicators are qualitative and quantitative, 
in order to improve comparisons of existing data 
analyses the environmental impacts, pressures and 
vulnerability of intrinsic characteristics presented 
by caves. The function of the CCI is to classify the 
caves into categories to provide quick diagnosis, thus 
facilitating comparisons, and indicating priority areas 
to be protected. 
The need of development and application of 
an practical and rapid index that could be more 
appropriated to Brazilian caves is evident (Donato, 
2011), thereby the aim of this study is to present a 
methodology for a new CCI, for which were defined 
criteria regarding the geological, geomorphological, 
biotic, archaeological, paleontological, hydrological 
and environmental impact aspects for the evaluation 
of a pilot area, a set of nine caves found in the 
municipality of Laranjeiras, in Sergipe State, Brazil.
METHODS
Study area
The ‘Cave Conservation Index’ was developed to 
evaluate nine caves located in the microregion of 
the Cotinguiba, in the County of Laranjeiras (Fig. 1) 
(Correia, 2004). The rainy season is concentrated from 
May to August, and the driest months range from 
September to February. The average rainfall is 1300 mm 
per year, comprising the megathermal dry and sub-humid 
climate (Bomfim et al., 2002). 
Donato, Ribeiro, and Souto
Fig. 1. Map of municipality of Laranjeiras, Sergipe, Northeastern 
Brazil. Source: Dantas et al. (2009).
The municipality is situated in the Rio Sergipe 
basin, represented mainly by the Cotinguiba and 
Buri rivers. Regarding the geomorphology, the study 
area is composed by river surfaces and remnants of 
coastal plain and coastal tablelands.  Geologically, 
the County is in the Sedimentary Basin Sergipe/
Alagoas, which is divided into two sections: 
Cotiguiba and Riachuelo. The Cotinguiba section 
(Cenomanian to Coniacian of Upper Cretaceous) 
consists of argillaceous limestone with stratified 
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causing changes in the environment and 
ecological processes. Score: 62 to 84 points;
e. Critically Endangered (CR): outcrops with 
extremely high risk of extinction. Major changes 
in the surrounding landscape, or matrix, 
compromising the maintenance of native species 
and ecological processes. Score: 85 to 99 points;
f. Extinct (EX): cave that despite having been 
assessed in previous protocols do not exist 
anymore. Score: 100 points. 
The final result is the value obtained in the RAP-cei 
protocol, which is already presented in percentage. In 
possession of the values, each cave can be compared 
with one another, the sorting and classification of the 
from different environmental impact studies. The 
parameters that were used as indicators were adopted 
according to information obtained in previous 
environmental impact studies in Brazilian caves (e.g. 
Lino, 2001; Ferreira, 2010; Cavalcanti et al., 2012) 
and studies about the cave fauna (Souza-Silva, 2008). 
The categories of impact were formulated based on 
the methodology used by Carmo (2010). 
Possible pressure activities causing impact 
were separated into: mining, agriculture, tourism, 
disorderly visitation, water damming, urbanization, 
scientific research and engineering work. A single 
cave may present impacts coming from one or many 
of the described activities (Table 1). 
Cave conservation index for the management of cave environments
Activity(ies) causing impact
(    ) Mining                                         (    ) Agriculture/Ranching                           (    ) Tourism/disorderly visitation
(    ) Damming                                    (    ) Urbanization                                        (    ) Engineering work
Score refers to the magnitude of the impact, which indicates the severity of the impact on the environment. The magnitude can 
be of four types:
1 – Threats to natural resources is negligible regarding its depletion and the environment and community degradation, being 
reversible in a short term (up to 1 year); add 2 points.
2 – The use of natural resources is considerable but the depletion of the natural reserves is not possible, being the 
degradation of the environment and the community reversible in the medium term (1 to 10 years), if immediate actions take 
place; add 4 points.
3 - The use of natural resources is considerable and the depletion of the natural reserves is possible, being the degradation of 
the environment and the community reversible in the long term (10 to 50 years), if immediate actions take place; add 6 points. 
4 – When the action caused the scarcity of natural resources, and the degradation of the environment and the community 
does not have many chances of reversibility; add 10 points. 
5 –  If there are more than one component to be evaluated in each indicator, consider the sum of the scores, for values below 
10 and/or  give the highest score (10) if the sum of values is greater than 10.
Type of impact Estimated Score
Achieved
Score
Complete destruction of the cave (in this case, there is no need of continuing analysing 
the impacts, scoring closes here).
0 / 100
Partial destruction of the cave. 0 / 2 / 4 / 6 / 10
Changes in water dynamics: lowering of the aquifer; partial or complete flooding; 
drying of karstic lakes and ponds; destruction of cargo areas; obstruction of ducts and 
consequent flooding or drying.
0 / 2 / 4 / 6 / 10
Karst changes: cracks, detachments, broken speleothems, collapse of karstic 
structures.
0 / 2 / 4 / 6 / 10
Alterations of subsurface soil: trampling  of delicate formations, pavement compaction. 0 / 2 / 4 / 6 / 10
Sound pollution: acoustic overlap and vibration. 0 / 2 / 4 / 6 / 10
Pollution of groundwater: eutrophication, presence of pollutants (i.e. oil, suds) 0 / 2 / 4 / 6 / 10
Natural vegetation deforestation by fire, reduction of organic resources, increase of 
exotic species, spread of pollutants, soil acidification.
0 / 2 / 4 / 6 / 10
Masonry work: lighting, walkways, microclimatic changes. 0 / 2 / 4 / 6 / 10
Disorderly visitation/vandalism: garbage, graffiti, and other types of vandalism. 0 / 2 / 4 / 6 / 10
Range of impact, taking into account the most impactful action: 
If there is no impact – add 0 points. If the impact is local – add 5 more points. If the 
impact is regional – add 10 more points. 
Note: Local – when the effect is restricted to the site of action; Regional – when the 
effect is spread over an area beyond the immediate vicinity of where the action takes 
place.
0 / 5 / 10
Total Score
Table 1. Rapid assessment protocol of environmental impact related to caves (RAP-cei).
According to the cave’s situation, it can be classified 
into six different categories concerning the presence 
of environmental impact: 
a. Intact (I): natural communities, populations and 
ecological processes apparently intact, without 
anthropic alterations or threats. Score: ≤ 7 points;
b. Stable (S): noticeable anthropic alterations possibly 
leading to local declines of natural populations. 
Integrity of the landscape maintained, ecological 
processes apparently intact. Score: 8 to 34 points;
c. Vulnerable (VU): outcrops with risk of extinction if 
adequate protection and management measures 
are not adopted. Loss and degradation of habitat. 
Score: 35 to 61 points;
d. Endangered (EN): outcrops with high extinction 
risk. Landscape alteration with habitat loss 
caves in ascending order, from 
the least to the most impacted, 
according to the total of points 
obtained for each natural cavity 
due to the observed impacts. 
Rapid assessment protocol 
of cave vulnerability for 
prioritization of conservation 
and/or restoration actions 
(RAP-cr)
For the vulnerability analysis of 
the intrinsic characteristics of the 
caves, sixteen indicators were used, 
distributed among the internal 
and external environments, 
since both are interrelated, but 
have distinct characteristics. 
There are indicators with either 
more general and more specific 
features. The protocol has a 
quantitative assessment regarding 
the presence/absence of features 
at different levels. 
The indicators from the internal 
(i) and external (e) environments are 
organized in three categories: biotic 
environment (BE; score = 3), abiotic 
environment (AbE; score = 2) and 
anthropic environment (AnE; 
score = 1) (Table 2), which generate 
the Equation 01 of the RAP-cr, 
as follows: 
RAP-cr = {[(BEi + BEe) x 3] + [(AbEi + AbEe) x 2] + 
[(AnEi + AnEe) x 1] / 60} * 100 
Equation 01
The values range from 0% to 100% and values 
equal to or smaller than 35% indicate low priority 
for conservation/restoration, values ranging 
from 36% to 75% suggest medium priority for 
conservation/restoration, and values from 76% 
onward explicit high priority for conservation/
restoration. For the case of scores between 35% and 
40% or between 75% and 80%, small differences in 
assessment between two observers could occur. But 
this problem exists in established protocols (North 
et al., 2009; Van Beynen & Bialkowska-Jelinska, 
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Table 2. Rapid assessment protocol of cave status (RAP-cr).
Environment Analyzed Characteristic Classification EstimatedScore
Internal
Biotic Environment
Occurrence of animals with troglomorphism (i.e., 
depigmentation, absence of eyes, elongated appendages, 
etc.), possible troglobian – animals restricted to caves, not 
being found in external environments.
Yes 1
No 0
Group of animals found in the caves (if there is no internal 
fauna, don’t score = 0 points)
Invertebrate or 
vertebrate 1
Invertebrate and 
vertebrate 2
Invertebrate richness (the higher the richness the better 
status – tends to increase the diversity index). The score 
should be given from the number of morphospecies found. If 
there is no internal fauna, don’t score = 0 points. (*)
1 to 5 species 1
6 to 10 species 2
≥ 11 species 3
Bat richness (observe the existence of guano inside the 
cave and the possibility of identifying the species). The score 
should be given from the group with the higher value. If there 
aren’t any bats, don’t score = 0 points.
Hematophagous 1
Carnivorous 2
Insectivorous 3
Nectarivorous / 
Frugivorous 4
Paleontological site: Fossil presence (whole or fragmented 
animals or plants) and/or ichnofossils (traces of vital activity 
of ancient organisms, such as footprints and drillings).
Yes 1
No 0
Anthropic Environment
Visible mischaracterization of the environment (agents such 
as: grids, garbage, graffiti, artificial lighting, pest control, 
stairs, predatory collection of biological components, etc.).
Yes 0
No 1
Archaeological sites – sites with traces of human activity 
(paintings, bonfires, graves, chipped stone tools, etc.) that 
lived before the beginning of our civilization.
Yes 1
No 0
Scenic beauty (aesthetic quality of a landscape to the eyes of 
the population that visits it).
Low 0
Medium 1
High 2
Cultural heritage (the set of all material or immaterial goods 
that, for its own intrinsic value, are considered of relevant 
interest to the permanence and cultural identity of a nation).
Yes 1
No 0
Abiotic Environment
Speleothems: the number of different types that are well 
preserved
0 0
1-2 1
3-4 2
≥ 5 3
Presence of permanent water bodies (rivers, ponds, 
underground and/or internal superficial lakes).
Yes 1
No 0
External
Biotic Environment
Type of occupation found around the cave (main activity
Natural vegetation 
(characteristic biome of the 
region)
2
Pasture, Agriculture, 
Monoculture, Reforestation 1
Residential, Commercial, 
Industrial 0
Abiotic Environment
Karstic environmental heterogeneity (presence of other 
karstic environments in the surroundings of the cave – such 
as lapiaz, sinkholes, uvalas and poliés)
Yes 1
No 0
Anthropic Environment
Location inside a Conservation Unit (UC)
Full Protection 2
Sustainable use 1
Outside UC 0
Visible anthropogenic alteration of urban domestic or 
industrial origin (garbage, sewage, factories, steel mills, fires, 
exotic plants, predatory collection of biologic components).
Yes 0
No 1
Presence  of  buildings  or  environmental changes  (such  as  
roads,  urban  core,  mining, agriculture/ranching,  etc.) near 
the cave area (a map could be necessary).
< 1000 0
1000 - 1500 1
1500 - 2000 2
> 2000 3
(*) – In case of karst regions with low richness of invertebrates, or in case of difficulty in 
separating the samples into morphospecies, the score can be obtained by the number of orders, 
using the same scoring criteria.
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Aventureiros (9%), Matriana (21%), Raposa (23%), 
Pseudomatriana (23%), Janela (25%), Tramandaí 
(27%) and Orixás (29%) are stable with regard to 
their environmental characteristics and faunal 
communities, while Raposinha (41%) and Pedra 
Furada (55%) are vulnerable (Table 4). 
2012). Thus, for cases where marginal values are 
found, we suggest the use of additional criteria that 
could be easy to visualize, to help in determining 
the most representative category. For example, 
one can observe whether among biotic, abiotic and 
anthropogenic characteristics evaluated are there 
any that stand out, such as high species richness 
of invertebrates, or speleothems as well as the 
presence of an important archaeological site. These 
features can only be observed in situ and can be an 
useful tool to deal with observed marginal values.
Cave Conservation Index (CCI)
To obtain the ‘Cave Conservation Index’ (CCI), the 
results of both rapid assessment protocols (RAP-cei and 
RAP-cr) were combined, as shown in Equation 02. The 
value of the vulnerability status of the cave (RAP-cr) is 
reduced from the environmental impact value (RAP-cei), 
giving a final value which classifies the caves into five 
classes of conservation priority (Table 3). 
CCI = (RAP-cei) – (RAP-cr)
Equation 02
Table 3. Cave classification according to the ‘Cave Conservation Index’ 
(CCI), indicating priority for conservation and/or restoration actions.
Conservation
Index
Cave
Classification
(Priority)
81-100% Intense
61-80% High
41-60% Medium
21-40% Moderated
0-20% Low
RESULTS
In general, we found four pressure activities causing 
impacts: mining, agriculture, tourism/disorderly 
visitation and urbanization. However, not all of these 
impact-causing activities were witnessed at the same 
time in each cavities. The agriculture, urbanization 
and tourism/disorderly visitation caused impacts in 
all studied cavities. The mining had impacted Janela, 
Orixás and Pedra Furada. 
These actions caused different types of impacts, with 
different intensity and range in each of the studied caves. 
The range of the impacts varied from local to regional. 
The results presented refer to field observations made 
from July 2010 to July 2011, thus some attributes may 
vary in values over time. 
There were eight main types of impacts found: karst 
changes (cracks, detachment and broken speleothems); 
soil alterations (erosion, landfill, rubble, trampling of 
delicate formation sand pavement compaction); natural 
vegetation loss (deforestation, fire, reduction of organic 
resources, increase of exotic species and pollution); sound 
pollution (acoustic overlap and vibration); engineering 
works (mine steps); disorderly visitation/vandalism (trash, 
graffiti and microclimatic changes); and partial destruction 
of the cave (internal mining for removal of lime). 
After using the RAP-cei, the caves were divided 
into two groups according to their respective scores: 
Table 4. Assessment of the environmental impacts, cave status, 
value of the ‘Cave Conservation Index’ (CCI) and priority ranking 
for conservation/restoration actions in the caves from Laranjeiras/
Sergipe/Brazil.
Notes: Aventureiros (CAV1), Janela (CAV 2), Raposa (CAV 3), 
Tramandaí (CAV 4), Matriana (CAV 5), Pseudomatriana (CAV 6), 
Orixás (CAV 7), Raposinha (CAV 8), Pedra Furada (CAV 9); Richness 
of the internal fauna (Richfau); Richness of the external flora 
(Richveg); Cave classification according to the environmental impact 
(CEI); Cave classification according to the intrinsic characteristics 
status (CS); Cave priority ranking for conservation/restoration actions 
(CP); Cave Conservation Index (CCI); Stable (S); Vulnerable (VU); 
Low (L); Moderated (Mo); Medium (Me).
Cave 
Code Richfau Richveg CEI CS CCI CP
CAV1 57 12 S Me Me 1
CAV2 79 14 S Me Mo 3
CAV3 78 4 S Me Me 2
CAV4 78 15 S Me Mo 5
CAV5 91 7 S Me L 8
CAV6 89 14 S Me Mo 4
CAV7 70 14 S Me Mo 6
CAV8 49 9 VU Me L 7
CAV9 141 15 VU Me L 9
The state of vulnerability analysis of the caves 
(RAP-cei) indicated that no troglomorphic species 
were found in the internal biotic environment (that 
is, possessing morphological characteristics of a 
troglobian species, such as depigmentation, absence 
of eyes, elongated appendages, etc.), but other 
specimens of vertebrates and invertebrates were 
successfully found. All the caves have specimens 
of frugivorous and nectarivorous bats, except for 
Matriana, which does not have a bat population. Only 
Raposa presents a paleontological site. The internal 
anthropic environment of all the caves presents some 
sort of visible mischaracterization, does not have 
archaeological sites and holds low or medium scenic 
beauty, although Matriana and Pedra Furada are 
considered cultural heritage sites. The internal abiotic 
environment of the caves does not present permanent 
water bodies, except for the Aventureiros. All the 
studied caves have some sort of speleothems. 
The external biotic environment presents pasture, 
agriculture, monoculture or reforestation around all 
the caves. All studied caves don’t have an external 
abiotic environment presenting environmental 
heterogeneity, except for the Matriana which 
is standing amid a field of lapiaz. The external 
anthropic environment of all caves states that they 
are not included in a conservation area, since there 
are visible anthropogenic alterations from domestic 
urban or industrial origins, besides the presence 
of buildings or major environmental modifications 
from, at most, fifteen hundred meters away from the 
entrance of the caves.
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Regarding the intrinsic characteristics related 
to the vulnerability status of the studied caves, all 
were classified as medium priority for conservation/
restoration, as follows: Raposa (70%) and Aventureiros 
(65%), Janela (60%), Orixás (58%), Raposinha 
(58%), Pedra Furada (57%), Tramandaí (57%), 
Pseudomatriana (55%) and Matriana (37%) (Table 4). 
The results obtained with the ‘Cave Conservation 
Index’ (CCI) classified the caves following their order 
of priority of conservation or restoration: Aventureiros 
(56%), Raposa (47%), Janela (35%), Pseudomatriana 
(32%), Tramandaí (30%), Orixás (29%), Raposinha 
(17%), Matriana (16%) and Pedra Furada (2%). 
Therefore, the Aventureiros and Raposa have priority 
of conservation/restoration in relation to other caves 
(Tables 3 and 4).
DISCUSSION
After analysis of the protocols, it was observed that 
all studied natural cavities are under some extent 
of pressure and present environmental impacts 
affecting their internal environments, while also 
containing heterogeneous environmental conditions. 
These conditions mainly reflect the presence of 
a large population of bats (Janela, Raposa and 
Pseudomatriana) and the availability of microhabitats 
and trophic resources (presence of guano from 
hematophagous, frugivorous and insectivorous 
bats; fallen blocks; watercourses; roots; and litter 
in the various natural cavities). Previous studies 
have demonstrated the importance of considering 
the biota as a factor to increase the utilization of the 
disturbance indexes (van Beynen & Townsend, 2005; 
van Beynen et al., 2007).
Given the pressures and impacts posed by 
these caves, we suggest the development of an 
environmental management plan at the municipality 
level, consisting of five programs for the conservation 
of the speleological collection of Laranjeiras, which 
should focus on: (i) surveillance and environmental 
monitoring to restrain impacts; (ii) environmental 
restoration and landscape recovery of sites where 
mining occurred and containment of fires and 
deforestation; (iii) environmental education with 
focus on the principles of local culture, conserving 
myths and legends about the caves which can help 
maintaining the original characteristics of the Atlantic 
forest; (iv) a specific plan for waste disposal in caves; 
(v) a plan to ensure resources for environmental 
compensation and land use planning.  
For the restoration of the epigeal environment, it 
is necessary to implement the current legislation, 
which indicates a minimum perimeter of maintained 
native vegetation with a radius of 250 meters 
around each cave (Brazil, 2004). Furthermore, the 
agricultural and livestock in the area should be 
avoided or suspended, the non-native species should 
be gradually removed and the native vegetation 
should be restored using agroforestry or native 
species. All actions above mentioned will assist in 
the restoration of the surround environment and will 
help conserving the caves. 
The creation of ecological corridors after restoration of 
the cave surroundings is possible, due to the proximity 
between them, thus enhancing the conservation of the 
influence areas of the caves (Marra, 2008). Encouraging 
the creation and implementation of Private Natural 
Heritage Reserves (RPPN), a model of environmental 
conservation in accordance with Brazilian legislation, 
in the area of caves with high hypogeal fauna richness 
and possessing natural or recovering vegetation is also 
a relevant option (Souza-Silva, 2008).
Caves considered as Cultural Heritage by the 
surrounding population can be listed as such, like the 
Pedra Furada and Matriana. The National Institute of 
Historic and Artistic Heritage (IPHAN) is the Brazilian 
institute responsible for registering a determined 
patrimony (environmental, cultural, historic or 
architectural) as a public heritage, intending to protect 
its physical integrity and safeguard its memory. This 
process does not turn the patrimony unavailable and 
its use is allowed if authorized and accompanied by 
personnel of the relevant government body. Therefore, 
tourism can still occur at these sites (Marra, 2008). 
All the caves that have been impacted by human 
activities, including tourism, should have implemented 
recovery and management plans. To assist restoration 
of the karst environment, it is required intervention 
and management through the removal of garbage, 
cleaning of speleothems and painted walls (Hildreth-
Werker & Werker, 2006). 
The proposed protocols for the classification of 
caves according to the experienced pressures and 
environmental impacts and for the prioritization 
of conservation/restoration actions also serve as 
parameters for the conservation of the associated 
fauna and flora.  Through the use of the presented 
indicators, it is possible to identify the pressures 
causing the environmental impact in the caves, the 
effects and magnitude of these impacts, which cave 
should be restored and which should be preserved, 
and which of them should receive the conservation/
restoration actions first. 
The ranking according to the vulnerability resulting 
from the impacts, and to the prioritization of actions 
can assist the decision making of which caves deserve 
more attention at first. However, it should be stressed 
that this study does not suggest that the remaining 
cavities should be put aside; it only indicates a general 
rank of action.
The presented protocol can also be used to indicate 
caves that must have management plans prepared 
more urgently, and which should not be suppressed 
while still having a high relevance inside an area with 
other high relevance caves that need rapid restoration 
of their attributes. Besides, the methodology presented 
in this study can be used to assist managers in making 
decisions about which caves can be used for tourism 
and recreation activities while others would be kept 
closed or used only in research or conservation. 
Furthermore, this protocol may be useful in studies 
of implementation of national parks and other 
protected areas in a given lithologic region, indicating 
the vulnerabilities and needs for conservation or 
restoration of karst ecosystems. 
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Simpósio de Pós-graduação em Geografia do estado 
de São Paulo - SIMPGEO/SP e VIII Seminário de Pós-
graduação em Geografia da Unesp. Rio Claro, São 
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This protocol was initially performed to be used by 
evaluators from karst regions in Atlantic Forest complex 
and other Tropical environments, due to the rapid urban 
development and the high degree of disturbance in 
these environments associated to the great importance 
of biota in the scoring. With regard to the application of 
this study elsewhere, it is worth mentioning the need 
to adapt the indicators in light of local circumstances. 
Other indicators that may seem obvious to other 
locations did not appear in the obtained results due to 
the characteristics of the studied area. 
Through the refinement of the index, the aim is to 
increase its applicability to resource managers. Thus, 
before applying the protocol here presented to another 
region, certain factors must be considered. Part of that 
refinement encompass: 1) the use of aerial photographs 
to improve the accurance in the determination of 
environmental impacts in the vicinities of the caves 
rather than relying on topographic or Cap maps; 
2) for temperate regions, the indicators of species 
richness of invertebrates and their abundance needs 
to be adapted; and 3) the broadening of the indicator 
descriptions (including scores) to encompass a greater 
diversity of possible scenarios. 
This reformulation is crucial to adjust the utility 
of the protocol to the reality of the new study sites. 
However, we stress that when determining an 
indicator’s score, the evaluator should not only rely 
on the indicator descriptor but also on the overall 
characterization of the score. Further research is also 
necessary, in this sense, to validate the identified 
criteria in other localities, as well as to expand this 
material to obtain a methodology that can be applied 
also in more varied environmental contexts. 
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structures with varying porosities and colors are also 
common in stalagmites, and have been recognized in 
previous studies (Railsback et al., 1994; Genty and 
Quinif, 1996; Baker et al., 2008).
Most stalagmites entrap microscopic fluid 
inclusions, considered to be “primary porosity” 
(Schwarcz and Yonge, 1983). These are usually 
found within crystals and along crystal boundaries, 
elongated parallel to the c-axes and the growth axis 
of the stalagmite (Zhang, 2007). They are also found 
concentrated within growth layers, and along hiatuses 
or weathered surfaces. These micro-inclusions range 
in size from ~20 nm to >1 mm in diameter (Kendall 
and Broughton, 1978), and can constitute up to 
~0.1 wt% of the speleothem (Schwarcz et al., 1976). 
Over the last few decades, palaeoclimatic research 
has utilized water trapped in microinclusions: since 
drip water is derived from meteoric precipitation, the 
isotopic composition of the trapped water combined 
with the isotopic composition of the calcite can 
serve as a paleothermometer (Wigley, 1969; Hendy, 
1971; Schwarcz and Ford, 1974; Yonge et al., 1985; 
Gascoyne, 1992; Bar-Matthews et al., 1997; Frumkin 
INTRODUCTION
Calcite fabrics in stalagmites including morphological 
and microstructural characteristics can often be 
related to environmental conditions and growth 
mechanisms. Physical and chemical factors within 
and around cave environments such as atmospheric 
conditions, soil and vegetation types, karstic aquifer 
characteristics and the feed rate of the calcareous 
solution can all play a role in shaping stalagmites, 
including the initial growth of crystals as well as 
their morphology and geochemistry (Dreybrodt, 1980; 
Frisia et al., 2000; Ford and Williams, 2007; Fairchild 
and Baker, 2012).
Speleothem fabrics include columnar, fibrous, 
microcrystalline, dendritic and calcareous tufa 
(Gonzalez et al., 1992; Frisia et al., 2000), which 
vary as a result of variations in growth kinetics, 
that depends on a combination of factors such as 
temperature, drip discharge rate, water saturation, 
CO2 degassing rate, and the mechanism of transport 
of ions from the solution to the crystal surface (Kendall 
and Broughton, 1978; Boch et al., 2011). Laminar 
In a previous paper (Shtober-Zisu et al., 2012) we described millimeter to centimeter-
sized fluid-free holes within the interiors of stalagmites of widely varying origin. We present 
here further observations of this phenomenon, using X-ray tomography, macroscopic and 
microscopic observation of sections of twenty-six stalagmites from various sites in North 
America and the Caribbean region. We can distinguish three types of cavities in speleothems: 
primary µm-sized fluid inclusions; mm to cm sized holes, aligned along the stalagmite growth 
axis which are clearly syngenetic; and µm to cm-sized holes away from the growth axis (“off-
axis holes or OAHs”) deeply buried inside their host stalagmites, and cutting primary growth 
layers. Neither axial nor off axis holes contain fluid today. Off-axis holes appear to have 
been formed by internal corrosion of the calcite host, possibly enhanced by the action of 
bacteria which were sustained by permeation of through the body of the stalagmite of water 
containing dissolved organic species. A modern stalagmite from Israel is shown to contain 
bacteria associated with active hole formation.
macroholes; axial holes; off-axis holes (OAHs); diagenetic porosity; corrosion
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(OAHs), that formed penecontemporaneously, with 
growth in discrete layers. Building upon this work, 
the aims of the present study are to characterize the 
structure, texture and distribution of these large voids, 
and to propose a generic model for their development 
based on the inner structure of the stalagmites and 
the characteristics of these macroholes.
SAMPLES AND METHODS
A total of 26 stalagmites were examined in this 
study from different climate regions: 11 stalagmites 
from tropical Central America (4 from Belize, 6 from 
Bermuda, 1 from Jamaica), 10 stalagmites from the 
temperate climatic zone of the U.S.A., 2 stalagmites 
from the temperate marine west coast climate of 
Canada, one stalagmite from the Mediterranean 
climate region of Israel, and two stalagmites from 
unknown locations (Table 1). Twenty-one of these 
samples were previously imaged using X-ray computed 
tomography, with another 5 examined in this study by 
looking at thin sections using polarized microscopy, 
15 through the study of sawed and polished surfaces 
(both sagittal and outer surfaces) using a binocular 
microscope, and 1 by scanning electron microscopy 
(Shtober-Zisu et al., 2012).
X-ray computed tomography (CT) offers a 
nondestructive technique for visualizing the 
internal structure of opaque solid objects, thereby 
obtaining information about their 3-D geometry. 
et al., 1999; Fleitmann et al., 2004; Drysdale et al., 
2005; McDermott et al. 2006; Mattey et al., 2008, and 
many others).
In addition to microporosity associated with fluid 
inclusions, stalagmites may also contain large voids, 
holes or cavities up to 3-4 cm long (Lauritzen and 
Lundberg, 1999; Frisia et al., 2000; Genty et al., 
2002; Mickler et al., 2004; Fairchild et al., 2007). 
These are the subject of the present paper. While size 
is their principal distinguishing characteristic, note 
that the dimensions of the smallest of these features 
(a few tens of µm) overlaps the size range of primary 
fluid inclusions trapped during the growth of the 
speleothems. Large holes have long been observed, 
but were mostly considered a source of interference for 
paleoclimatic research; since this normally requires 
a continuous record of deposited layers, porous or 
hollowed stalagmites were usually avoided, and thus, 
their presence, characteristics and evolution have 
been neglected but for a few studies (e.g., Genty and 
Quinif, 1996; Genty et al., 2002). Frisia (1996) related 
post-depositional dissolution to the microstructures 
of specific fabrics where the pores developed, and also 
hinted at the possibility of organic matter oxidation as 
source of undersaturated waters.
In a recent study searching for water trapped in 
stalagmites (Shtober-Zisu et al., 2012), two types 
of ‘macroholes’ were defined: (1) axial holes that 
form during stalagmite growth due to slower calcite 
precipitation at the axial drip site; and (2) off-axis holes 
Number* Location Length [mm]
Hole 
size 
[mm]
Type** Hole shape***
1 81008 a Mountain Cow cave, Belize 220 25 F El; Rd; Ax; OAH
2 81008 b Mountain Cow cave, Belize 255 20 F El; An; Ax; OAH
3 78031 a Waterfall cave, Belize 100 - A No holes
4 78031 b Waterfall cave, Belize 115 8 E El; OAH
5 790512 b Bermuda 140 10 B An; Rd; OAH
6 76163 Bermuda 220 8 E An; Rd; OAH 
7 77703 Crystal cave, Bermuda 160 10 B Rd; Ax; OAH
8 77704 Crystal cave, Bermuda 240 6 E Rd; OAH
9 88808 Deep Blue cave, Bermuda 175 5 E, B Rd; Ax; OAH
10 73027 B13 Leamington cave, Bermuda 130 14 B El; Ax
11 75351 Coffee River cave, Jamaica 225 30 E, F El; Rd; Ax; OAH
12 2004007 Marengo cave, US-IN 290 30 E, F El; Rd; OAH
13 200407(BMFTL) Marengo cave, US-IN 220 10 E El; OAH
14 200407(MBFCL) Marengo cave, US-IN 130 8 E El, OAH
15 NB1 Norman-Bone cave, US-WV 100 30 D El; Rd; An; Ax; OAH
16 NB2 Norman-Bone cave, US-WV 110 15 D El; Rd; An; Ax; OAH
17 72009 Inner space cavern US-TX 180 6 D, E Rd; Ax
18 2004002 P1 Vancouver Island, Canada (left) 160 3 E Rd; El; OAH
19 2004002 P2 Vancouver Island, Canada (right) 155 4 E Rd; El; OAH
20 770319-1 Unknown location 175 30 D El; Rd; An; Ax; OAH
21 PMC Unknown location 165 3 B Rd; Ax; OAH
22 2004006 Marengo cave, US-IN 200 20 C El; An; Ax; OAH
23 67016 Norman-Bone cave, US-WV 100 30 D El; Rd; An; Ax; OAH
24 GV1 Grapevine cave, US-WV 300 30 E El; Rd; Ax; OAH
25 67020 Handline cave, US-WV 120 20 C El; Rd; An; Ax; OAH
26 - Te’omim cave, Israel 80 15 - El; Rd; Ax; OAH
Table 1. Characteristics of the sampled stalagmites. * Number at McMaster University 
collection; ** Type: see Fig 11; *** Holes shape and distribution within the stalagmite: 
El=elongated; An=angular; Rd=rounded; Ax=Axial; OAH= Off-axis; for discussion of 
these terms see text].
The most common CT scanners are 
medical devices, which are optimized 
to image biological tissues. As a result, 
the sensors are designed with a limited 
dynamic range, being able to image 
objects up to a density of ~3.4 g/cm3. 
Also, the absolute system resolution is 
typically limited to ~1 mm, even though 
the CT pixel size can be smaller. The 
CT scanner used for this study, at the 
Juravinsky Cancer Center, Hamilton, 
CA, was a GE Litespeed-RT, with pixel 
sizes varying from 0.2 to 0.5 mm. The 
slice spacing chosen for this study was 
1.25 mm (Shtober-Zisu et al., 2012).
One sample collected from an actively 
growing stalagmite from the Te’omim Cave 
in the Judean Hills, Israel (Table 1, #26) 
was examined using scanning electron 
microscopy (SEM) at the Univ. of Western 
Ontario, London, CA. Humans inhabited 
the cave since Neolithic times (Zissu et al., 
2011), however current ‘residents’ include 
microbial biofilms covering cave walls and 
ceilings as well as large numbers of bats. 
The sample was collected using aseptic 
techniques, with four regions targeted for 
detailed examination: (1) the wall within 
an axial hole; (2) the wall within an off-
axis hole (OAH); (3) the stalagmite outer 
surface; and (4) interior calcite containing 
microholes. Subsamples were prepared 
within 7 days of collection by chemical 
325Caves in caves: evolution of post-depositional macroholes in stalagmites
International Journal of Speleology, 43 (3), 323-334. Tampa, FL (USA) September 2014
holes; this can persist over many cm of the growth 
history (Figs. 2, 3A, 4). Successional CT slices show 
the axial hole persisting along the stalagmite axis, 
being trapped by encircling calcite layers (Fig. 4). 
Sixteen stalagmites displayed prominent axial holes; 
all but one also displayed OAHs.
Off-axis holes (OAHs) are mainly developed away from 
the stalagmite axis. They cut discordantly through 
growth layers, and rarely extend to the surface of the 
stalagmite (Figs. 2, 3B, 5, 8). OAHs are usually more 
rounded and smaller than the axial holes, ranging 
from 1 mm up to 2 cm. Most are slightly elongated 
parallel to the growth axis even though they are distant 
from it, or oriented approximately perpendicular to the 
local growth layers. Several OAHs were also visualized 
using CT, dominated by elongated shapes (Fig. 5). 
These holes are parallel to the orientation of the 
stalagmite axis and are interconnected by either direct 
conduits or micro fractures (Fig. 6). For example, in the 
stalagmite presented in Fig 5, water dripping on the 
top, reached the bottom in a few seconds, emphasizing 
the large, interconnected holes present within. OAHs 
were observed in 23 out of 26 stalagmites.
Corrosional and depositional features in 
macroholes
Although corrosion and deposition are two 
chemically opposite processes, in a few samples 
their traces are observed together within the same 
stalagmite. Direct examination as well as thin 
sections of macrohole interiors shows evidence for 
these processes along their walls, both in axial and 
OAHs.
a) Corrosional features - Features include spike-like 
shapes, dissolution thorns or irregular masses of calcite 
(Figs. 7A-C and 8). Locally, areas surrounding the 
holes have a darker color. Thin sections of OAHs show 
various aspects of their detailed shape and evolution 
(Fig. 8): their shape is mostly irregular and they are 
fixation in a 2%(aq) glutaraldehyde solution followed 
by dehydration through a graded ethanol series (25%, 
50%, 75%, and 100%). All samples were then critical-
point dried using a Tousimis, Samdri-PVT-3B critical 
point dryer and platinum coated using a Denton 
Vacuum Desk II sputter coater to reduce sample 
charging.  This sample was subsequently imaged on a 
LEO (Zeiss) 1540XB field emission gun SEM equipped 
with a secondary electron detector.
A single experiment to demonstrate the potential 
permeability of a stalagmite was conducted. We 
attached a calibrated tube containing 1 cm3 of water 
over the course of an hour, to the outer unpolished 
surface of stalagmite NB1 and observed the time 
needed for a calibrated volume of water to permeate 
into the stalagmite.
RESULTS
Distribution and characteristics of macroholes
We herein define macroholes as holes, cavities or 
voids, larger than 1 mm. These have been observed in 
all but one of the 26 stalagmites we examined, forming 
axial or off-axis holes (OAHs). Macroholes shapes 
(both axial and off-axis), vary from equi-dimensional 
to, more commonly, elongated, with the long axis 
approximately parallel to the stalagmite’s local 
direction of growth. Of the stalagmites examined here, 
some display dense calcite laminations with few holes, 
whilst others exhibit abundant cavities forming up to 
10% of the total volume (Shtober-Zisu et al., 2012).
Axial holes form along the stalagmite axis and are 
usually elongated parallel to the growth axis of the 
stalagmite. The uppermost hole, may connect with 
the central depression observed on the stalagmite’s 
apex (Fig. 1). They range in length from 0.5 to 4 cm 
and their width may reach 1 cm. A significant feature 
of the axial holes that can be seen in sections is 
the downward bending of growth layers towards the 
Fig. 1. Central depression is visible on the stalagmite apex, surrounded by small holes, gours 
and other irregular shaped cavities (in situ stalagmite at Te’omim Cave).
interconnected in places by thin fissures 
(Fig. 8C). The walls surrounding the 
holes exhibit evidence of corrosion, along 
with later deposition of new crystals (Fig. 
8D).
b) Depositional features - Calcite 
films or layers coat the walls of some 
macroholes, whereas in many others 
small new crystals up to 1 mm are 
developed along the walls or the coating 
layers, growing non epitaxial on the 
substrate (Fig. 9). These features were 
observed within both axial as well as 
OAHs. In a few holes, micro-granular 
debris is observed (Fig. 7D).
Microbial colonization
The stalagmite sampled from 
Te’omim Cave is actively growing. It 
exhibits an axial hole, filled with water 
due to contemporary inputs, as well 
as off axis macroholes. Both coccoid 
and filamentous microorganisms are 
observed on the stalagmite surfaces, 
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Fig. 2. Axial and off-axis macroholes; note the growing layers bending towards the axial 
holes, and the clear cutting of the growing layers by the off-axis holes, in polished surfaces 
(middle) or in petrographic thin sections (right).
Fig. 3. Sample 81008 from Belize. A) Axial hole formed along the stalagmite axis; note the 
growth layers, bending towards the hole. B) Typical corrosion-associated off-axis hole. 
Entire surface of the stalagmite was eroded by corrosive drip water as shown by truncation 
of growth lines at paleo-surface, after which growth was renewed again, totally covering the 
eroded surface.
within the axial hole (Figs. 10A and B) and within 
OAHs (Fig. 10C). While in direct contact with mineral 
surfaces, there is no conclusive evidence for chemical 
weathering due to the presence of microorganisms, 
such as pitting. In contrast, microorganisms are not 
observed in micro holes (presumably syngenetic) 
within the stalagmite (Fig. 10D).
Classification of macroholes
Based on our analyses, we recognize six types 
of macrohole distributions and architecture in 
stalagmites (Fig. 11).
A) Intact - Having no visible macroholes. This type 
of stalagmite was observed in only 1 out of 26 of the 
stalagmites examined.
B) Random sparse distribution - Having few 
macroholes which are spherical and randomly 
distributed. Holes are not interconnected. While 
calcite layers of variable CT density are observed, the 
holes do not appear to have preferentially formed in 
layers of a particular density. This type of stalagmite 
was observed in 5 out of 26 of the stalagmites 
examined.
3 cm in maximum dimension and 
dominantly elongated parallel to 
the stalagmite axis. The holes are 
connected; by submerging stalagmite 
#770319-1 (of Fig. 6) in a water-filled 
tank, we observed that water passed 
freely from hole to hole throughout 
the stalagmite core, along the axis as 
well as throughout OAHs (Shtober-
Zisu et al., 2012). The compact outer 
skin of these stalagmites indicates 
that the dissolution activity was 
restricted to the stalagmite core. This 
pattern was observed in 6 out of 26 of 
the stalagmites examined.
E) Layer-confined holes - Macroholes 
are concentrated in discrete layers, 
interposed with dense, hole-free 
calcite layers. OAHs are usually 
elongated roughly parallel to the 
local direction of growth (normal 
to the local growth surface). Their 
laminated distribution indicates 
periods of deposition followed by 
C) Axial holes dominant - Dominated 
by axial holes, however OAHs are 
also present but in lesser abundance. 
Growth layers bend towards the axial 
holes. Multiple axial holes, 1-4 cm 
long, are usually formed one above the 
other, separated by undisturbed layers 
of calcite. This type was observed in 
only 3 out of 26 of the stalagmites 
examined.
D) Abundant random holes (“Spongy 
structure”) - These samples display 
a deceptively dense surface (“skin”) 
covering a spongy core consisting 
of laminated calcite perforated by 
numerous cavities ranging up to 
phases of dissolution activity. The OAHs invariably 
cut growth layers in their host calcite, while the 
layers themselves do not alter their orientation as 
they approach the holes, indicating that the holes 
were formed subsequent to calcite growth. This is 
the most common type observed, comprising 9 out 
of 26 of the studied stalagmites.
F) Mixed type - Both randomly distributed 
and layer-confined holes are present (as well as 
axial holes) implying on a succession of phases 
of corrosion activity. This type of stalagmite 
was observed in 2 out of 26 of the stalagmites 
examined.
DISCUSSION
Morphology and distribution of holes
Form of the holes – OAHs tend to be prolate 
ellipsoids, with the major axis of the ellipsoid oriented 
approximately perpendicular to the local growth layers 
and commonly parallel to the stalagmite growth axis. 
This suggests that the rate of corrosion is greatest in 
a direction following the ‘c’ axis of the calcite crystals, 
which are also usually oriented perpendicular to 
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that these holes are formed entirely enclosed within 
the pre-existing stalagmite and must be entirely post-
depositional. Occasionally, OAHs do terminate at a 
present or former growth surface as described above, 
and we refer to them as “corrosion-associated”.
Distribution of holes inside stalagmites - Fig. 11 
shows that the distribution of OAHs can vary. However 
OAHs are not frequently found in the outer 1 to 2 
cm thick outer portion of the stalagmite. In a large 
proportion of stalagmites, OAHs are concentrated 
in a specific series of growth layers (e.g., Fig. 11E, 
11F) but do not extend above or below. While these 
clusters might suggest that the holes were formed 
penecontemporaneously with those layers, there 
is no evidence of this in their detailed form. Even 
in these cases, there is no evidence that the OAHs 
penetrated the growth surface. Therefore, we propose 
that these laminar concentrations of OAHs are due 
to some preferential tendency for hole formation in 
that surface. In other cases, OAHs tend to develop 
parallel to the stalagmite growth axis. In no case do 
we see an oblate ellipsoidal form (with the major axis 
much less than the minor axis). From their form, 
we might conclude that the growth process is one in 
which the hole begins as a smaller feature of similar 
ellipsoidal plan and then extends in all directions at 
a rate which depends on the orientation of the calcite 
crystals, finally ending when a critical maximum size 
is reached.
Termination of the holes - As expected from their 
ellipsoidal form, the upper end of most OAHs is a 
narrow dome-shape feature, which continues to cut 
through growth layers to its very top. From this we 
conclude that at no time in their history did these OAHs 
penetrate to the growing surface of the stalagmite 
for, if they had, there would be some evidence of a 
disturbance or deformation of the growth layers at 
their upper (or distal) ends. Therefore we conclude 
Fig. 5. CT images of consecutively cut CT slices at distances of 1.25 mm. Note the shape and size of an 
off-axis hole (marked by arrow or encircled). A) hole’s top is reaching the stalagmite surface; B - G) the hole 
is enlarged underneath the stalagmite surface; H) off-axis hole cutting through several growth layers. The 
dashed line marks the stalagmite axis (Stalagmite 81008b).
Fig. 4. CT image of an axial hole consecutively sliced every 1.25 mm. The hole persists for over 13.75 mm.
A) upper slice; L) lowest slice, M) the axial hole as viewed in sagittal view. Dashed lines mark the stalagmite 
axis. Stalagmite 73027/B13 Leamington Cave, Bermuda.
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(Miller and Bassler, 2001).
Internal surface features 
a) Overgrowth - The internal surfaces of most OAHs 
have been covered wholly or in part with calcite 
overgrowths in the form of μm-sized crystals, which 
are typically not epitaxial on the host calcite. The lack 
of an epitaxial orientation may suggest that at the 
time of the formation of these overgrowths, the eroded 
crystal surface was covered with a biofilm, which 
prevented nucleation of new crystals with their crystal 
lattice epitaxially oriented with respect to the host. 
specific layers and that the period of 
hole formation is not connected in 
time with the period of growth of those 
particular layers, but postdates it.
Mutual distribution. In both CT scans 
and visual examination in cross section, 
we observed that two adjacent holes 
rarely if ever intersect. They tend to be 
spaced at distances of a few millimeters 
to centimeters. This even spacing 
suggests that there is some tendency 
to avoid coalescence. This would be 
difficult to account for if the process 
of OAH formation were purely physical 
in nature. However, if a biological 
mechanism is responsible, it is possible 
that there is some molecular signaling 
or nutrient dynamic occurring between 
adjacent OAHs as they form, causing 
them to limit their size so as not to 
intersect an OAH being formed nearby 
Fig. 6. CT image of stalagmite 770319-1. Several large off-axis holes were chosen as 
examples, to emphasize the shape and nature of these holes. A) the holes are marked 
within the calcite in 3D imaging; B) details of panel A.
Fig. 7. Dissolution in off-axis holes. A) dissolution of calcite layers adjacent to a hole; B and C) spikes and thorns 
as irregular dissolved shapes within a hole; D) microgranular debris is present along with new crystals [Panels 
A-C: stal. # 81008:2; panel D: stal. # NB1].
Another possibility is of nucleation of a new phase onto 
structural defects at the surface of the former crystals, 
which have been enhanced by dissolution processes. 
However, some crystals do seem to be epitaxially (or at 
least homogeneously) oriented and to have grown out 
from the eroded wall as “microstalagmites” (Fig. 8D).
Internal overgrowth of crystals has also been reported 
in previous studies (Railsback et al., 1997; Sletten et 
al., 2013).
b) Corrosional features - Some internal surfaces 
appear to have been eroded into spikes or thorn-
like protuberances. These are reminiscent of 
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Fig. 8. Off-axis holes as viewed in thin sections: A and B) oval shaped, rounded off-axis holes 
cut irregularly through growth bands. Micro inclusions are visible in growth bands (black); 
C) angular off-axis hole cut through thin calcite layers. Micro fissure connections to adjacent 
holes are also visible; D) “micro-stalagmitic” infillings. Note that each spike has internal 
growth lines, which mimic the external form of the tip of the spike.
Fig. 9. Calcite coatings and new crystals growing epitaxially within off-axis holes. A) SEM 
imaging; B) new crystals grow to form new coatings along the hole’s walls; C and D) no 
coatings are visible, new crystals grow directly on the holes’ substrate. Note the stalagmite 
growth layers cut by the holes.
“hoodoos”, where selective corrosion has left 
pillars of rock. However, some of these features are 
ambiguous and may in fact be overgrowths as just 
described in Fig. 8D.
Lack of water: as reported in our previous paper 
essentially none of the OAHs that we have investigated 
contained significant amounts of trapped water, 
although, if present, water would be readily detectable 
in macroholes by Magnetic Resonance Imaging (MRI) 
scanning of uncut stalagmites (Shtober-Zisu et al., 
2012). A previous study by Genty et 
al. (2002) had observed macroholes 
filled with water in stalagmites from 
two French caves. However, we have 
not found water present in any of the 
26 stalagmites, which we studied. We 
here infer that water was probably 
present at the time when the holes 
were forming although whether they 
were partly or wholly filled is unclear 
(Shtober-Zisu et al., 2012).
Origin of holes
It is generally assumed that the 
interiors of stalagmites remain 
intact after deposition, although 
diagenetic features can be recognized 
in some stalagmites (Frisia, 1996; 
Railsback et al., 1997; Muñoz-
García et al., 2012). However, the 
form and spatial arrangement of the 
macroholes described here suggests 
that post-depositional events – both 
corrosional and depositional – must 
occur in most cases of stalagmite 
formation.
Axial holes
Axial holes can be interpreted as 
syngenetic features resulting from 
local variation in the rate of calcite 
precipitation. These are aligned along 
the stalagmite axis and maintain open 
contact with the cave atmosphere 
during the formation of the stalagmite. 
While the exact cause of their 
formation is unclear, it presumably 
relates to the action of the falling drop 
locally reducing the rate of deposition 
of calcite and thus causing a small 
depression to form on the stalagmite 
apex. The rim of the hole continues 
to grow at a normal rate determined 
by the degree of supersaturation of 
the water and the rate of outgassing 
(Dreybrodt, 1980). When the process 
terminates (possibly due to a decrease 
in drip rate, or change in the position 
of the falling droplet), the cavity is then 
sealed by further calcite precipitation.
Off-axis holes (OAHs)
Corrosion-associated OAHs (which 
make up <5% of the total OAHs) date to a period in 
which the drip-water falling on the stalagmite was 
dissolving rather than depositing calcite. A large number 
of irregular notches, micro gours or small cavities are 
visible on many stalagmites surface (e.g. Fig. 1) which 
may indicate syngenetic development of OAHs with the 
stalagmite growth. We hypothesize that dissolutional 
features (e.g., Fig. 3B) were produced when drip water 
undersaturated with respect to calcite penetrates along 
micro-fissures within a stalagmite. Like normal OAHs, 
the resultant cavities tend to be oriented normal to 
330 Shtober-Zisu et al.
International Journal of Speleology, 43 (3), 323-334. Tampa, FL (USA) September 2014 
associated holes are closed and dense calcite is 
deposited for the next period.
However, most stalagmites we studies showed no 
external corrosion features.  Indeed, it is striking that 
stalagmites, which appear from the outside to be wholly 
intact reveal extensive internal macrohole formation. 
From a chemical perspective, this means that water 
in contact with the outside of these stalagmites was 
always at least slightly supersaturated with respect to 
calcite. That is, the ratio of the equilibrium constant to 
the acitivity product for calcite was always > 1 or, as is 
it is usually expressed:
(1)  Ωct = log [ Ksp  / aCO3 * aCa ] > 0
Therefore we conclude that the hole-forming process 
is a post-depositional shift in the chemical equilibrium 
to Ωct < 0 at specific loci inside the stalagmite, causing 
dissolution and thus, diagenetic (secondary) porosity.
In our SEM studies of the Te’omim stalagmite, we 
observed abundant evidence of bacteria and bacterial 
activity inside OAHs and on the surface of this 
stalagmite. This is not surprising, given the ubiquity of 
bacteria in near-surface environments. Furthermore, it 
is known that some microorganisms can enhance the 
dissolution of CaCO3 (Cañaveras et al., 2001; Jones, 
2001). Heterotrophic bacteria that consume reduced 
carbon and produce CO2 as a waste product, can react 
with calcite as follows:
 (2)  CH2O(org) + O2 → H2O + CO2 
(3)  CO2 + H2O → H
+ + HCO3
- 
(4)  H+ + CaCO3 → Ca
2+ + HCO3
-
the growth surface but are clearly enlarged upwards, 
showing that they formed during corrosion of the 
surface. Such erosive events were also reported by 
Railsback et al. (2013), who interpreted: (1) irregular 
termination of layers present on the stalagmite’s 
flank; (2) dissolution cavities; and (3) coatings of non-
carbonate detrital materials as wet periods during 
which drip water dissolved pre-existing stalagmite 
layers.
However, most OAHs do not terminate at a growth 
surface but cut discordantly through internal growth 
layers. This requires dissolution processes occurring 
within the sealed stalagmite and their formation 
necessitates the presence of undersaturated, corrosive 
water. Certain other characteristics of these OAHs may 
be relevant to explain the mechanisms by which they 
form. While these characteristics are not universally 
exhibited by all OAHs, they are sufficiently common as 
to characterize them as a discrete natural phenomena.
The mechanism of formation of OAHs
Based on these observations, we propose a hypothesis 
as to the mechanism of formation of OAHs. 
The corrosion-associated OAHs (<5% of the total 
OAHs) were clearly associated with a former growth 
surface during a corrosional stage earlier in the history 
of the stalagmite (Fig 3B). Within these stalagmites, 
the holes appear beneath the stalagmite surface 
suggesting that calcite precipitation during stalagmite 
growth has subsequently sealed cavities off from the 
outside environment under new calcite layers. When 
environmental conditions change, the corrosion 
Fig. 10. Secondary Electron Scanning Micrographs of: A) bacteria coating an axial hole surface, forming biofilms along the wall of the axial hole (B); C) organics, 
fillaments and coccoid cells on an off-axis hole surface (note weathered calcite crystals); D) clean surfaces of calcite within and around micro-inclusions. 
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a nutrient for heterotrophic organisms (Hartland et 
al., 2012). Also, various organic materials are present 
in many caves including the excreta and remains of 
bats and other spelean fauna, and fungi living on these 
deposits. Thanks to the permeability of speleothems, 
organic-laden water could penetrate into the deep 
interior of stalagmites through micro fissures or along 
rugged surfaces of the crystals (Shtober-Zisu et al., 
2012). Humic substances and other organic molecules 
have been extracted from stalagmites (van Beynen et al., 
2000, Blyth et al., 2007).
Although the majority of previous studies relate 
speleothem evolution to purely chemical process, 
in recent years many studies identify microbial 
activity as a factor which affects the rate and form 
of speleothems (e.g. Cox et al., 1989; Cunningham et 
al., 1995; Jones, 2011). Conversely, bacterial activity 
is also an important factor in controlling bio-erosion 
in caves (Viles, 1984; Northup and Lavoie, 2001; 
Naylor et al., 2002; Cockell and Herrera, 2008). These 
two competing effects can occur simultaneously. 
Constructive processes include calcification, trapping 
and binding detrital particles and microbially induced 
calcite precipitation. Destructive processes include 
Two other unrelated facts are necessary to 
understand the origin of OAHs. First is the 
observation that stalagmites display varying degrees of 
permeability. We have demonstrated this by attaching 
a calibrated tube containing 1 cm3 of water to the 
surface of a stalagmite, which displayed no obvious 
fissures or cavities on its surface. Over the course 
of an hour the water penetrated into the stalagmite. 
Munoz-Garcia et al. (2012) carried out more careful 
experiments to show a wide range of capillary uptake 
of water across surfaces of cubes cut from the interior 
of a stalagmite The most likely loci for the pore system 
along which fluids can migrate is the boundaries 
between crystals, especially linear triple junctions 
where three crystals meet, each oriented with its ‘c’ 
axis normal to the growth surface, rugged surfaces of 
stepped and kinked crystals, crystal defects or other 
features related to the calcite fabric (Railsback et al., 
1994; Frisia et al., 2000).
The second relevant fact is that organic matter is 
present in caves which could be transported into 
the interior of stalagmites by permeating water. One 
source is cave drip water which contains dissolved or 
suspended organic matter, and which could serve as 
Fig. 11. Six types of stalagmite inner structures, as visualized by CT: A) Intact; B) Random sparse distribution; 
C) Axial hole dominant; D) The spongy type; E) The layered confined holes type; F) The mix type.
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CONCLUSIONS
We have examined twenty-six stalagmites from a 
variety of settings and shown that almost all have a 
variety of microscopic to macroscopic pores. X-ray 
computed tomography (CT) confirms that these 
holes are true spelean features, rather than artifacts 
of sectioning or of preparation of thin sections. 
These individual holes can be divided according to 
their position into two important categories: axial 
holes and off-axis holes. Axial holes form along and 
parallel to the stalagmite axis; they are usually 
elongated, ranging in length from 0.5 to 4 cm and 
their width may reach 1 cm. A significant feature 
of the axial holes is the downward bending of the 
surrounding growth layers towards the holes; Off 
axis holes (OAHs) are developed away from the 
stalagmite axis. They cut discordantly through 
growth layers, and rarely terminate at a current 
growth surface. OAHs are usually more rounded 
and smaller than the axial holes, ranging from 1 
mm up to 2 cm; their axis vary from parallel to the 
stalagmite axis to parallel to the crystal growth axis.
Stalagmites can be divided into six categories 
according to the spatial distribution of their 
macroscopic holes: intact stalagmites (having 
no holes at all), stalagmites with random sparse 
distribution of holes, stalagmites dominated by 
axial holes, stalagmites with abundant random 
holes, stalagmites with layer-confined holes, and 
stalagmites with a combination or mixture of holes. 
Holes can also be categorized by internal surface 
features, i.e by eroded walls, or on the contrary, by 
new overgrowths of crystals along the walls.
Possible origins of OAHs in stalagmites include 
(1) corrosion of micro gours  on the surface of the 
growing stalagmite, enhanced by further dissolution 
beneath the stalagmite surface and followed by calcite 
precipitation during further stalagmite growth sealing 
off these cavities; (2) a post-depositional shift in the 
chemical equilibrium to Ωct < 0 at specific loci inside 
the stalagmite as water penetrates through micro 
fissures and dissolves the calcite, forming diagenetic 
porosity. The process could be enhanced or even 
triggered by the action of bacteria living inside the 
stalagmites. Bacteria are capable of creating the 
lowered pH conditions necessary for corrosion of the 
host calcite through their normal metabolic activity. 
The known permeability of stalagmites would permit 
entry of the bacterial spores and continued supply 
of nutrient in the form of dissolved organic species 
derived either from the soil or from excretions of 
resident spelean fauna (principally bats). We have 
shown bacteria inside off-axis macroholes, and on the 
surface of an active growing stalagmite from a cave in 
Israel.
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substrate breakdown by dissolution, boring and 
residue micrite production (Danin, 1993; Jones, 
2010). For example, a strain of Shewanella oneidensis 
was allowed to colonize calcite and dolomite surfaces, 
resulting in a) inhibition of carbonate dissolution 
through interference with etch pit development; 
and b) excavation of carbonate material at the 
cell-mineral interface during bacterial attachment 
to the mineral surface (Davis et al., 2007). Other 
organisms known as active agents in biokarst are 
algae, fungi, lichens and other living macroforms 
(Vaughan et al., 2011, Fairchild and Baker, 2012).
As water permeates through the calcite, it would 
equilibrate with the calcite and reach Ωct = 0. But 
somehow, at a point deep inside the stalagmite, it 
must then become understaturated; a conceivable 
mechanism for this is a biological one, namely 
bacterial oxidation of organic matter. We therefore 
propose that OAHs could be enlarged, affected, or 
produced by the action of bacteria living inside the 
stalagmites, forming secondary/diagenetic porosity. 
Through their metabolic activity as described 
above they would locally generate a lowered pH, 
which would result in the dissolution of the host 
calcite. The elongated form of the resultant cavities 
indicates that the area of maximum bacterial 
activity is focused along a linear feature than is 
oriented normal to growth layers. This could be the 
boundary between two calcite crystals, or the triple 
junction between three crystals (Railsback et al., 
1994).
The process of hole formation in a particular 
stalagmite would begin sometime after the layer had 
finished growing and was buried by some 1 to 2 cm 
of further growth. Then water could permeate into 
the interior, carrying bacteria as well as organic 
molecules (nutrient). In some cases it is possible 
that access to the interior of the stalagmite could 
be through a pre-existing axial hole that had not 
yet been sealed, along crystal boundaries or micro 
fissures. This model would predict that holes tend 
to be concentrated in layers within the stalagmite 
in which the crystal fabric allows most easy access 
of water, bacteria and nutrients. Future studies will 
attempt to test whether there is a correlation between 
the permeability of a layer and the occurrence in it 
of OAHs. We would also predict that OAHs would 
be more commonly encountered in caves in which 
the drip water is richer in dissolved nutrients. This 
could be tested either by analysis of the drip waters 
(which would give only current values) or through 
analysis of the speleothem itself for content of 
organic carbon.
In most cases, the process of hole formation will 
have taken place long ago and approximately coeval 
with the time of formation of the stalagmite itself, 
when organic-bearing drip water was still flowing 
over the surface of the stalagmite. The fact that 
the inner walls of most holes are covered by later 
overgrowths of calcite shows that the hole forming 
period when Ωct < 0 eventually ends, and water with 
Ωct > 0 enters the hole, causing it to fill in partly 
with new calcite: a “cave within a cave”.
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2011). Under such conditions the oligotrophic nature 
of cave environments is expected to change through 
organic inputs that alter both the food web, and 
the abundance and distribution of cave organisms 
(Hoyos et al., 1998; Fernández-Cortés et al., 2006; 
Saiz-Jimenez et al., 2011; Saiz-Jimenez, 2012). 
Additionally, the artificial lighting system in the show 
caves affects the photosynthetic microflora in areas 
around the installed illumination equipment.
The photosynthetic community thriving in proximity 
to artificial lighting is known as ‘Lampenflora’– a term 
introduced by Dobàt (1963) – and it was first studied 
in Austrian caves (Kyrle, 1923; Morton and Gams, 
1925). Further research has shown that the growth 
and distribution of these floristic aggregations depend 
on abiotic factors such as light quality and intensity, 
temperature, relative humidity, as well as type and 
coherence of the underlying substratum (Roldán et 
INTRODUCTION
The colonization of caves by photosynthetic 
biota – mainly by microfloristic elements including 
Cyanobacteria – only takes place where the external 
diffused sunlight is available such as near cave 
entrances. There is a delicate balance between the 
various groups of cave biotic components, particularly 
among the microfloristic (algae, fungi and bacteria) 
and microfaunal (small-sized insects, arthropods, 
bats) cave members (Saiz-Jimenez, 2012). This 
process is prone to disruption in show cave habitats 
due to human visitation and modification of the cave 
environment (Cigna and Burri, 2000; Mulec and 
Kosi, 2009; Saiz-Jimenez, 2012). The development 
of caves for mass tourism requires alteration of 
natural passages, installation of lighting, pathways, 
platforms, and associated infrastructure (Gillieson, 
The karst cave ‘Vlychada’ of Diros, one of the oldest show caves in Peloponnese, sustains 
extended phototrophic biofilms on various substrata  – on rocks inside the cave including 
speleothems, and especially near the artificial lighting installation (‘Lampenflora’). After a 
survey of the main abiotic parameters (Photosynthetically Active Radiation -PAR, Temperature 
-T, Relative Humidity -RH, Carbon Dioxide -CO2) three clusters of sampling sites were revealed 
according to Principal Component Analysis (PCA): i) the water gallery section predominately 
influenced by CO2, ii) the dry passages influenced by RH and PAR, and iii) the area by the 
cave exit at the dry section influenced by temperature. The collected samples from the water 
gallery section and the dry passages of the cave revealed a total of 43 taxa of Cyanobacteria, 
with the unicellular/colonial forms being the most abundant. The applied non-metric Multi-
dimensional Scaling Ordination (nMDS) of the cumulative species composition showed a 
clear distinction between the water gallery section and the dry passages of the cave. Further 
comparison with previous data from other wild caves of Peloponnese (‘Kastria’, ‘Francthi’, and 
‘Selinitsa’) was conducted revealing a distinction between the show cave and the wild ones. 
Apart from the human impact on cave ecosystems – through aesthetic alteration (‘greening’) 
of cave decorations by the ‘Lampenflora’, and by the cleaning treatments and restoration 
projects on the speleothems – identification of the organisms constituting the ‘Lampenflora’ 
might provide taxonomically and ecologically significant taxa.
‘Lampenflora’, Cyanobacteria, show cave of ‘Diros’, wild caves, Greece
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passages (Fig. 1c). Three (3) samplings were conducted 
during a 3-month survey (December 2012 to March 
2013, a time period with rather little tourist traffic of 
approx. 3000 visitors) at 19 selected sites (see Fig. 1d: 
entrance, D1; 12 at the water gallery section just above 
the water level, D2-D13; 5 on the onshore section of 
the cave, D14-D18; exit, De). Air Temperature (T oC), 
Relative Humidity (RH %), and Photosynthetically Active 
Radiation (PAR μmol∙m-2∙s-1) were measured in situ 
by a LI-1400 data logger (LI-COR Biosciences, USA) 
during the survey (Table 1). Four (4) subsamples were 
collected by scraping off the surface rocks in each 
sampling site, two of them were incubated in situ in 
transparent sterile vials and the other two were fixed 
with formaldehyde solution at a final concentration 
of 2.5%. Enrichment cultures were obtained in flasks 
and petri-dishes with BG-11 and BG-110 culture 
media (Stanier et al., 1971). Cultures were maintained 
in an incubator (Sanyo, Gallenkamp) under stable 
conditions (oC, 80%, PAR 7 μmol∙m-2∙s-1) and under 
daylight at room temperature. For Light Microscopy 
(LM) fresh and cultured material was observed under 
a high-resolution light microscope (Axiolab, Zeiss, 
Germany). Species identification was made according 
to classical literature (e.g. Anagnostidis and Komárek, 
1985, 1988, 1990; Komárek and Anagnostidis, 1986, 
1989, 1998, 2005) and certain specific taxonomic 
papers. Species richness was used as a proxy of 
cyanobacterial diversity and comparisons were made 
through ANOVA (Statgraphics Centurion). Species 
presence/absence data from 13 sites having more 
than one taxon were analyzed by non-metric Multi-
dimensional Scaling Ordination (nMDS) and Analysis 
of Similarities (SIMPER) based on Jaccard similarity 
index, while Principal Component Analysis (PCA) was 
applied to the measured abiotic parameters (PAR, T, 
RH and CO2) (PRIMER software v.6.12).
The material collected from the other wild, non-exploited 
caves of Peloponnese – which were used for comparison 
(i.e. ‘Kastria’, ‘Francthi’ and ‘Selinitsa’) – was cultured 
al., 2004; Lamprinou et al., 2012b). Apart from the 
obvious discoloration of limestone in karst caves, 
the negative effect of such floristic growths around 
installed lighting systems includes the gradual 
alteration of substratum characteristics (Krumbein, 
1987; Kováčik, 2000). These alterations are caused 
by the production of organic acids, which can corrode 
limestone and negatively affect the aesthetic impact 
of cave speleothems (Aley, 2004; Smith and Olson, 
2007). As a result, modern research has focused on 
the substratum bio-deterioration by the ‘Lampenflora’ 
and on cleaning treatments and restoration projects 
of hypogean monuments (Caumartin, 1977; Griffin 
et al., 1991; Iliopoulou-Georgoudaki et al., 1993; 
Gurnee, 1994; Pantazidou, 1996; Dor and Dor 1999; 
Grobbelaar, 2000; Byoung-woo, 2002; Olson, 2002; 
Faimon et al., 2003; Merdenisianos, 2005; Roldán 
et al., 2006; Albertano et al., 2007; Mulec and Kosi, 
2009; Akatova et al., 2009).
Microalgae (cyanobacteria, green algae, diatoms) 
and bryophytes are considered as the most common 
floristic components around the artificial lighting 
systems in show caves, with varying abundance among 
caves (Grobbelaar, 2000; Aley, 2004). Cyanobacteria 
represent the dominant phylum colonizing the 
calcareous surfaces of both wild and show caves, 
usually thriving as epiliths as well as endoliths; 
therefore, they have been the focus of extended 
investigation in various wild caves worldwide (see lit. 
in Lamprinou et al., 2012b). 
The geological substratum of Greece, consisting of 
limestone in ~2/3 of its landscape, sustains a rich 
variety of natural karst caves, some of them with 
interesting microfloristic elements (Pantazidou, 
1996; Lamprinou et al., 2009; Lamprinou et al., 
2011; Lamprinou et al., 2012 a,b; Lamprinou et al., 
2013 a,b). Several Greek karst caves with special 
geological features have been exploited as tourist 
attractions, and the expected alteration in the thriving 
photosynthetic microfloristic elements warrants 
further investigation. In the present study we selected 
‘Vlychada’of Diros (Peloponnese, Greece; Fig. 1a) as a 
prominent example of show caves in order to analyze 
and correlate species composition of Cyanobacteria 
with environmental parameters, and for comparison 
with available data from other wild caves in the wider 
region of Peloponnese. 
MATERIAL AND METHODS
The cave complex of ‘Diros’ is composed of one rather 
wild cave (‘Alepotrypa’), and one show cave (‘Vlychada’ 
or ‘Glyphada’) which was selected for further study. The 
‘Vlychada’ show cave (36º38.316’ N, 022º22.709’ E) is 
located on the western shore of Mani Peninsula (Laconia 
Prefecture) in Peloponnese, Greece (Fig. 1a). The hitherto 
explored cave length is 14,750 m, with a small part of 
2000 m available for tourist exploitation since 1961. 
On the first 1500 m of the tourist route, starting from 
the cave entrance, an underground river flows along 
the cave passage forming  a water gallery (i.e. ‘karstic 
cave with hypogean river’, Fig. 1b), whereas the 
remaining 500 m until the tourist exit are water-free 
PAR RH T
D1 0.297±0.308 87.75±5.21 17.03±0.84
D2 0.595±0.245 91.05±5.58 18.35±1.49
D3 0.063±0.004 91.46±5.42 18.84±1.18
D4 0.137±0.123 90.36±3.05 19.53±0.51
D5 0.155±0.169 94.63±2.56 18.67±0.83
D6 0.027±0.022 93.72±6.20 18.56±1.11
D7 0.113±0.08 96.33±2.40 18.02±0.30
D8 0.101±0.059 95.48±2.05 18.25±0.33
D9 0.865±0.771 96.43±1.7 18.00±0.06
D10 0.537±0.165 96.60±1.49 18.07±0.10
D11 0.511±0.133 96.30±1.41 18.17+0.12
D12 0.232±0.111 93.87±2.69 18.19±0.26
D13 0.201±0.158 96.94±1.59 18.19±0.26
D14 0.404±0.394 97.13±1.42 18.16±0.32
D15 0.235±0.323 96.75±1.78 18.38±0.37
D16 1.304±0.84 96.46±1.63 18.68±0.17
D17 0.394±0.322 94.38±3.2 19.28±0.60
D18 1.526±0.114 96.70±0.79 19.13±0.11
De 0.156±0.103 90.45±1.59 20.05±0.20
Table 1. Average values and standard deviation of PAR, RH, and T of 
‘Vlychada’ Cave in each sampling site.
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revealed a total number of 43 taxa of Cyanobacteria, 
mostly subaerophytic (Table 2) from 19 sampling 
locations from water gallery section and the dry 
passages of the cave. In the sampling site by 
the entrance (D1) only green algae were present. 
Generally in the remaining sampling sites, the order 
Chroococcales comprising of unicellular or colonial 
Cyanobacteria seems to prevail (23 taxa) followed 
by the filamentous orders Oscillatoriales (17 taxa) 
and Nostocales (3 taxa, 2 of them belonging to 
the true-branched Cyanobacteria). The dominant 
Cyanobacteria were represented by 3 taxa, all of them 
belonging to the order Nostocales, i.e. a true-branched 
taxon (still under taxonomic investigation) belonging 
to the family Mastigocladaceae comprising 59.55% of 
the species composition in the water gallery section 
of the cave. Scytonema julianum (42.22%) and Iphinoe 
spelaeobios (24.93%) were the dominant species for 
and statistically analyzed with identical methodology 
described in detail in Lamprinou et al. (2012b). It is 
noted that cave ‘Kastria’ (with 76 taxa of Cyanobacteria) 
is a wild cave where the sunlight shows a clear gradient 
from the entrance inwards, and the terrestrial sampling 
sites were grouped in 3 clusters (the entrance zone, 
the transition zone, and the dim light zone). Likewise 
in ‘Selinitsa’ (with 71 taxa of Cyanobacteria), a cave 
influenced by the sea, the terrestrial sampling sites 
were grouped in 3 clusters; whereas in ‘Francthi’ (with 
65 taxa of Cyanobacteria), a cave exposed to open 
air, the terrestrial sampling sites were grouped in two 
clusters with seasonal sub-grouping. 
RESULTS
Microscopic analysis (LM) of the samples collected 
from ‘Vlychada’ Cave – both fresh and cultured – 
Fig. 1. a) Map of Greece showing the location of Diros Cave; b) A view of the water gallery section of ‘Vlychada’ Cave; c) Typical view of the dry 
passages of the cave; d) Map of ‘Vlychada’ Cave in Diros (from Petrocheilou, 1989-1992) showing  the sampling sites (D2-D13, water gallery 
section; D14-D18, dry passages section; De, exit of the dry passages; D1, entrance is not included).
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species composition in the water-free sampling sites 
(especially D16, D18) (Fig. 3). Furthermore, the 
sampling site by the cave exit (De) as well as the water 
gallery sites (D3, D4) closer to the cave entrance, seem 
to be predominately influenced by temperature.
Applying the nMDS analysis of the cumulative 
species composition per sampling site among the other 
wild caves of Peloponnese (i.e. ‘Kastria’, ‘Francthi’ and 
‘Selinitsa’), a distinction between the ‘Vlychada’ show 
cave and the wild ones was prominent (Fig. 4). The 
average dissimilarity in species composition among the 
water gallery section of the ‘Vlychada’ show cave and 
the wild caves ranged between 90.24 - 93.93%, while 
the water-free section of the cave. It is worth noting 
that most taxa (22 out of 43) seem to be ‘site specific’ 
(i.e. found in one sampling site), with an almost equal 
representation between the orders Chroococcales (12 taxa) 
and Oscillatoriales (10 taxa).
The applied nMDS analysis of the cumulative 
samples per sampling site showed a clear distinction 
in species composition between the water gallery sites 
of ‘Vlychada’ Cave (Dw), the water-free sites (Dl), and 
the exit site (De) (Fig. 2). The PCA showed that the 
water gallery sampling sites (D5, D6, D7, D8, D12) 
seem to be associated with elevated CO2 values, while 
PAR is the prevailing environmental factor affecting 
D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 De
Aphanocapsa fusco-lutea Hansgirg 1893 +
Aphanocapsa muscicola (Meneghini) Wille 1919 + + + +
Aphanocapsa parietina Nägeli 1849 +
Aphanocapsa rivularis (Carmichael) Rabenhorst 1865 +
Aphanocapsa sp. Nägeli 1849 +
Aphanothece castagnei (Brébisson) Rabenhorst 1865 + + + + +
Aphanothece cf. castagnei (Brébisson) Rabenhorst 1865 + +
Aphanothece cf. saxicola Nägeli 1849 + + +
Aphanothece microscopica Nägeli 1849 + + +
Aphanothece stagnina (Sprengel) A. Braun  1863 + +
Chlorogloea novacekii Komárek & Montejano 1994 +
Chroococcus cf. minor (Kützing) Nägeli 1849 + + +
Cyanosarcina sp. Kováčik 1988 + + +
Eucapsis minor (Skuja) Elenkin 1933 +
Gleocapsa cf. atrata Kützing 1843 +
Gloeocapsa aeruginosa Kützing 1843 + + +
Gloeocapsopsis cyanea (Krieger) Komárek & Anagnostidis 1994 +
Gloeocapsopsis sp. Geitler 1925 +
Gloeothece cf. incerta Skuja 1964 + +
Gloeothece cf. tepidariorum (A.Braun) Lagerheim 1883 +
Gloeothece sp.1 Nägeli 1849 +
Gloeothece sp.2 Nägeli 1849 +
Iphinoe spelaeobios Lamprinou & Pantazidou 2011 + + + + + + + +
Leptolyngbya boryana (Gomont) Anagnostidis & Komárek 1988 + +
Leptolyngbya cebennensis (Gomont) Umezaki & Watanabe 1994 +
Leptolyngbya cf. laminosa (Gomont) Anagnostidis & Komárek 1988 +
Leptolyngbya ercegovicii (Čado) Anagnostidis & Komárek 1988 +
Leptolyngbya foveolarum (Rabenhorst ex Gomont) Anagnostidis & 
Komárek 1988
+
Leptolyngbya gracillima (Zopf ex Hansgirg) Anagnostidis & Komárek 
1988
+ + + + +
Leptolyngbya perelegans (Lemmermann) Anagnostidis & Komárek 
1988
+ + + +
Leptolyngbya sp. Anagnostidis & Komárek 1988 +
Leptolyngbya subtilissima (Kützing ex Hansgirg) Komárek 2001 +
Leptolyngbya tenuis (Gomont) Anagnostidis & Komárek 1988 + +
Mastigocladaceae (unidentified filament) + + + + + + + + + + +
Phormidium corium Gomont 1892 + + +
Phormidium macedonicum Čado 1959 +
Phormidium molle Gomont 1892 +
Phormidium priestleyi Fritsch 1917 + + +
Phormidium tergestinum Kützing ex Anagnostidis & Komárek 1988 +
Pseudanabaena sp. Lauterborn1915 +
Scytonema julianum (Kützing) Meneghini 1849 + + + + + +
Symploca elegans Kützing 1843 +
Synechocystis pevalekii Ercegović 1925 +
Table 2. Taxa of Cyanobacteria identified at each sampling site of 'Vlychada’ Cave.   
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Iphinoe spelaeobios have been observed in the dry 
passages of ‘Vlychada’ Cave. The former species – also 
present in almost all terrestrial sampling sites of cave 
‘Kastria’ – is well known for the ability to mobilize 
calcium ions from calcareous substrata (Smith and 
Olson, 2007; Albertano, 2012), whereas the recent 
finding of the latter in similar karst habitats of Greek 
caves (Lamprinou et al., 2012b) suggests a comparable 
mode of growth. Additionaly, Scytonema julianum 
is well-adapted to the low irradiance of hypogean 
sites although it is also tolerant of higher irradiance 
(Albertano et al., 2000). Therefore, its finding in 
extended biofilms in the ‘Vlychada’show cave and in 
the wild ones is justified.
As seen by the PCA (Fig. 3), the dry passages of 
‘Vlychada’ Cave is mostly influenced by RH and PAR, 
particularly in the sampling sites D16 and D18 where 
an inappropriate system of great light intensity has 
been installed. In contrast, the accumulation of CO2 
seems to be the main abiotic factor influencing species 
composition in the water gallery section of the cave. 
The separate position of the sampling site near the cave 
exit (De) might represent an ecotone since species of 
neighboring habitats (i.e. epigean and hypogean) coexist 
increasing the cyanobacterial diversity (15 taxa) thus 
leading to a clear differentiation from the other sampling 
sites (cf. Prous et al., 2004).
As seen by the nMDS analysis (Fig. 4), the 
investigated ‘Vlychada’ show cave indicates a clear 
difference from previously studied wild caves in the 
same region of Peloponnese concerning epilithic 
assemblages of Cyanobacteria (Lamprinou et al., 
2012b). The lower species number found compared 
to that of the wild caves might be attributed to the 
artificial light conditions and its non-continuous 
operation as a stress factor. In previous studies of 
show caves, where artificial light influences ambient 
humidity till the saturation point, Cyanobacteria 
species number is lower and green algae and mosses 
dominate (Smith and Olson, 2007; Roldán and 
Hernández-Mariné, 2009). 
As shown from SIMPER analysis among pairs of 
caves based on the cumulative species composition, 
smaller dissimilarity is observed between the dry 
passages section of ‘Vlychada’ Cave and the wild 
‘Kastria’ Cave, with several species being responsible 
it ranged between 80.61 - 94.65% among the sites of 
the dry passages in the show cave compared to the 
wild ones. Greater similarity was observed between 
‘Vlychada’ Cave and ‘Kastria’ Cave, particularly 
expressed in the dry sampling sites of the ‘Vlychada’ 
show cave. 
DISCUSSION
Our results on the Cyanobacteria assemblages 
thriving as epilithic growths on the carbonate 
substrata in the ‘Vlychada’ show cave showed a clear 
distinction between the two well-defined cave habitats, 
i.e. the dry passages section and water gallery section, 
suggesting that water availability and other abiotic 
factors affect species composition. 
In the dry passages of ‘Vlychada’ Cave, 
cyanobacterial colonies constructed mucilaginous 
dark-green biofilms typical of terrestrial habitats. 
Similar mucilaginous biofilms have been observed in 
various terrestrial low-light environments (Hernández 
-Mariné et al., 2001; Albertano, 2012).The patchiness 
of those biofilms can be attributed to differences in the 
water availability and in the substratum coherence 
(cf. Hernández-Mariné and Roldán, 2008).
Extended biofilms of heavily calcified filaments 
dominated by the species Scytonema julianum and 
Fig. 2. nMDS analysis of the cumulative samples per sampling sites 
(Dl = sampling sites  at the dry passages, Dw = sampling sites in the 
water gallery section, De = sampling site near the tourist exit).
Fig. 3. Principal Component Analysis (PCA) of sampling sites based 
on environmental parameters. Three clusters are distinguished: i) 
the water gallery section predominately influenced by CO2, ii) the dry 
passage section influenced by RH and PAR and iii) the area by the 
cave exit at the dry passage section influenced by temperature.
Fig. 4. nMDS analysis of the cumulative samples per sampling site 
(D = ‘Vlychada’, K = ‘Kastria’, F = ‘Francthi’, S = ‘Selinitsa’) revealing 
a clear distinction between the show cave and the wild ones.
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the visitor capacity (cf. Cigna, 1993; Cigna and Burri, 
2000), and (3) control of the already established 
‘Lampenflora’ with physical, chemical or biological 
methodology (cf. Mulec and Kosi, 2009).
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2010; Fritzén & Koponen, 2011) and on observations 
of single prey items (Casale, 1988; Pastorelli & Laghi, 
2006; Harper, 2010) have been published. Moreover, 
Smithers (2005b) published a tentative life history for 
the United Kingdom. Spatial competition (Bourne, 
1976; Bourne, 1977) and niche partitioning (Novak et 
al., 2010) between M. menardi and Metellina merianae 
(Araneae, Tetragnathidae) have been studied. On the 
contrary, to our knowledge the biology of M. bourneti 
is almost unknown. The only specific contribution 
on this species focuses on spermatogenesis (Boissin, 
1973). In his wide contribution on Italian cave dwelling 
spiders Brignoli (1971) hypothesized that M. bourneti 
is more related to the underground environment than 
M. menardi. However, the biology and the ecology of 
the two species is apparently very similar (Gasparo & 
Thaler, 2000): the size of adult spiders is comparable 
(Nentwig et al., 2014) and they build similar planar 
orb-webs with an open hub (Levi, 1980). Both species 
INTRODUCTION
The genus Meta C.L. Koch (Araneae, Tetragnathidae) 
is represented worldwide by 34 species (Platnick, 
2014). In Europe Meta menardi (Latreille) and M. 
bourneti Simon are reported (Nentwig et al., 2014). 
Both are medium size spiders, preferably found in 
the twilight zone of caves and other subterranean 
habitats such as cellars, mines, railway tunnels, 
hollow trees (Smithers, 2005a, 2005b; Nentwig et 
al., 2014) and stony debris (Růžička, 1990, 1999; 
Růžička & Klimeš, 2005). In order to encourage the 
study of the hypogean aranean fauna, M. menardi was 
recently designated both as Cave Animal of the Year 
in Germany and European Spider of the Year for 2012 
(Hörweg et al., 2011). Regarding M. menardi, a wide 
range of studies focusing on the diet (e.g. Pötzsch, 
1966; Eckert & Moritz, 1992; Chapman, 1993; Novak, 
2005; Smithers, 1996, 2004, 2005a; Novak et al., 
Meta menardi and M. bourneti are two species of spiders inhabiting caves and other 
subterranean habitats. The occurrence of both species within the same cave has never 
been proved convincingly and several authors hypothesized a complete niche differentiation 
mainly based on microclimatic conditions. In order to study the apparent niche differentiation 
of the two species, we studied several populations of M. menardi and M. bourneti occurring 
in six caves in the Western Italian Alps (NW Italy). A series of squared plots were monitored 
monthly from March 2012 to February 2013. At each survey, we counted individuals and we 
collected the main environmental variables at each plot, namely distance from cave entrance, 
structural typology (wall, floor, or ceiling), light intensity, wind speed and counts of potential 
prey. Moreover, temperature and relative humidity were continuously logged in each cave. 
We run several statistical models (GLMMs) in order to relate the counts of individuals to the 
environmental parameters. The distance from the cave entrance, structural typology and prey 
availability resulted most important factors driving the abundance of both species within the 
cave. On the other hand, despite life cycles appeared very similar, the two species seems to 
exhibit different tolerance to the microclimatic variations within the cave, which emerged as 
the main factors determining the differentiation of their niche. At least in our study area, M. 
bourneti tolerates broad microclimatic fluctuations and is potentially able to colonize a wide 
variety of caves. On the other hand, when the climatic conditions in a cave are suitable for 
M. menardi (narrow ranges of relatively low temperature and high humidity), M. bourneti is 
excluded.
cave dwelling spider; conditional differentiation; ecological niche; GLMMs; western Italian Alps
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MATERIAL & METHODS
Study area
In the Western Italian Alps (Piedmont, NW-Italy) 
Meta bourneti is recorded from three caves at the 
bottom of the Susa Valley (Province of Torino) and 
Stura-Gesso Valley (Province of Cuneo), on south-
facing slopes (Isaia et al., 2011). Moreover, during 
recent speleological explorations, we recorded the 
presence of M. bourneti in two more small caves 
of Susa Valley. Caves inhabited by M. bourneti 
are included in so-called “xerothermic oasis”, 
characterized by xerothermic sub-Mediterranean 
climate (Bagnouls & Gaussen, 1957) within a general 
Alpine contest. The climatical peculiarity is testified 
by the presence of mediterranean vegetation, such 
as Quercus ilex and Juniperus oxycedrus in the Susa 
Valley (Sindaco et al., 2009) and xerophile grasslands 
in the Stura-Gesso Valley (Abbo et al., 1984). On the 
other hand, M. menardi occurs in caves on north-
facing slopes (Fig. 1), characterized by hypomesaxeric 
climate (Bagnouls & Gaussen, 1957).
In order to investigate the segregation of the two 
species in this area, for our study we choose three 
caves in Piedmont inhabited by M. bourneti and we 
selected three nearby caves inhabited by M. menardi. 
The distance between the caves inhabited by M. 
bourneti and M. menardi in the Susa Valley ranged 
from 1.9 km to 18 km. In the Stura-Gesso Valley the 
two caves were located 6.7 km apart.
Sampling design
In the six study sites, eighty plots (squared areas 
of 1 x 1 meters, hereinafter squares; Table 1) were 
randomly placed inside the cave within 40 m from the 
entrance. Such distance was chosen according to the 
natural range of occurrence of Meta spiders, derived 
from previous observations within the sites (Isaia et al., 
2011). Squares were distributed between the entrance 
zone (from 300 to 0.1 lx), the sub-twilight zone (from 
0.1 to 0.01 lx) and the inner part of the cave (from 0.01 
to 0 lx). The distance from the cave entrance (DE) of 
each square was measured at the first survey. Since 
caves are structurally heterogeneous, we placed the 
squares in three different structural typologies (TP): 
floors (F), walls (W) and roofs (R). The height of the 
squares varied between 0 (floors), 0-3 (walls) and 2-3 
(roofs) meters from the ground.
Field investigations took place monthly from March 
2012 to February 2013 (12 total surveys). During 
each survey, we counted the number of adult males, 
females, immature spiders, spiderlings and cocoons 
occurring at each square. In particular, according 
to Pennington (1979) we considered spiderlings 
immatures below the third instar, which were less 
than 5 mm in length and showed a well-defined 
white abdominal pattern. We considered as immature 
individuals the 4th, 5th, and 6th instars, while we 
considered adults sexually mature individuals (7th 
instar). Moreover, we also recorded the presence of 
other arthropods occurring at each square. Whenever 
possible, we identified arthropods at the species 
level. On the base of available data in literature, 
spin a 2-3 cm drop-shaped cocoon that is laid 
in the vicinity of the cave entrance. Both species 
may hunt both in web and actively on the walls 
(Eckert & Moritz, 1992; Smithers, 1996, 2004, 
2005a; Vadell, 2003). At least in Devon (UK), M. 
menardi generally lays the cocoon between June 
and August (Smithers, 2005b). After hatching 
(September - December), the spiderlings remain 
inside the cocoon until the first molt (Tercafs, 
1972; Smithers, 2005b), feeding on the yolk (Foelix, 
1996). After leaving the cocoon, the spiderlings 
move towards the cave entrance (Tercafs, 1972; 
Smithers & Smith, 1998; Smithers, 2005b) and 
disperse via ballooning outside the cave (epigean 
ecophase). They remain outside the cave from six to 
eight weeks; afterwards they become photophobic 
and search for other suitable hypogean habitats 
(Smithers, 2005b). According to Lunghi et al. 
(2014), suitable habitats are presumably tracked 
by the air blowing from the entrances.
Several authors hypothesize that a different 
tolerance to temperature may be at the base of 
the apparent niche segregation of the two species 
(Brignoli, 1971; Ribera, 1978; Gasparo & Thaler, 
2000; Isaia et al., 2007). Based on a dataset of 20 
subterranean sites in the Western Italian Alps, Isaia 
et al. (2007) pointed out a significant preference for 
cooler hypogean sites (5-9°C) for M. menardi and 
for warmer sites (above 9°C) for M. bourneti. The 
preference for warmer caves of M. bourneti seems 
also supported by its wide distribution in the 
Mediterranean (Nentwig et al., 2014). According 
to Platnick (2014), the distribution ranges from 
Europe to Georgia and North Africa. Viceversa, in 
Europe M. menardi reaches northern latitudes, up 
to the Scandinavian peninsula (Fritzén & Koponen, 
2011). Considering the partial overlap of the 
distribution ranges, Brignoli (1972) hypothesized 
that competition may occur. Data referring about 
the coexistence of the two species exists, but in 
most cases are based on misidentifications (Lana 
et al. 2002; Sella & Lana, 2005; Arnò & Lana, 
2005; cited in Isaia et al., 2011). So far, the only 
unverified data about the coexistence are found in 
a cave in Canton Ticino, but are based on doubtful 
identifications of subadult spiders (cf. Dresco, 
1960; Strinati, 1966; Dresco & Hubert, 1978).
In the Western Italian Alps the presence of both 
Meta menardi and M. bourneti has been recorded 
(Arnò & Lana, 2005; Isaia et al., 2011). The caves 
inhabited by M. bourneti are located at the mouth 
of two Alpine valleys, on south-facing slopes. 
Conversely, both valleys are inhabited by M. 
menardi on north-facing slopes (Isaia et al., 2011).
We carried out a scientific research aiming 
at i) characterizing the habitat of both Meta 
menardi and M. bourneti in order to identify the 
most important abiotic and biotic factors driving 
their relative position within the cave; ii) pointing 
out the environmental factors explaining the 
apparent niche segregation of the two species; iii) 
providing information about the life history of the 
two species from a regional perspective.
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temperature and relative humidity datalogger 
programmed to record temperature (T°) and relative 
humidity (RH) every hour for the whole sampling period 
(accuracy of ± 0.5°C for temperature and ± 2.0 % for 
relative humidity).
Data analysis
Habitat preference
For this analysis, we split the original dataset 
into two subsets, one referring to Meta bourneti and 
one to M. menardi. Data exploration was carried 
out following Zuur et al. (2010). We chose total 
counts of individuals (males + females + immature 
individuals) of M. menardi (MEN) and M. bourneti 
(BOU) as dependent variables in the models. The 
spiderlings were excluded from the analysis given 
the fact that they dwell in the cave for few months 
only (Smithers, 2005b). In order to take into account 
seasonality, we generated an additional, categorical 
variable (season: SEA). The variable “season” was 
made up of four different levels: winter (Wi), spring 
(Sp), summer (Su) and autumn (Au). Since we pooled 
together the data collected from caves located in two 
the following arthropods were considered potential 
prey (PR): Orthoptera (Novak, 2005), Coleoptera 
(e.g. Pötzsch 1966, Casale, 1988; Chapman, 1993; 
Smithers, 1996, 2005a), Lepidoptera (Smithers, 
2005), Diptera (Novak, 2005; Smithers, 2005a, Fritzén 
& Koponen, 2011), Myriapods (Eckert & Moritz, 1992; 
Chapmann, 1993; Smithers, 1996, 2004, 2005a; 
Harper, 2000; Novak, 2005; Pendleton and Pendleton, 
2010), Araneae (Pötzsch 1966; Eckert & Moritz, 1992; 
Smithers, 1996, 2005a; Novak, 2005), Gastropoda 
(cf. Nyffler & Symondson, 2001) and Speleomantes 
(Amphibia, Plethodontidae) (Pastorelli & Laghi, 2006).
At each square we measured (1) temperature of the 
flux of air (TW; °C) and (2) wind speed (WS; m/s) by 
hot-wire probe AP 471 S1 (Delta OHM S.r.l., Padova, 
Italy) (accuracy of ± 0.4°C for the air temperature and 
± 0.05 m/s for the windspeed). We also measured (3) 
light intensity (L; lux) at each square by photometric 
probe LP 471 Phot (Delta OHM S.r.l.) (accuracy of 
0.2 % ± 1 digit). Both devices were connected with 
a portable meter DO9847 (Delta OHM S.r.l.). In the 
twilight zone of each site we placed a EL-USB-2+ 
(Lascar Electronics, Salisbury, United Kingdom) 
Fig. 1. Map of the study area.
Table 1. List of the sites selected for the study and main descriptive parameters.
Cave name N° Cadastre Municipality Valley UTM coordinate Length (m) Altitude (m)(a.s.l.) Geology N° of plots Species
Grotta del Bandito 1002 Pi/CN Roaschia Stura 32T 374716  4905527 336 714 Limestone 15 Meta menardi
Cave di Marra Art. Pi/TO Villar Focchiardo Susa 32T 360313  4997180 ~ 100 430 Gneiss 15 Meta menardi
Balma Fumarella 1597 Pi/TO Gravere Susa 32T 345315  4999142 47 864 Micaschist 10 Meta menardi
Buco dell'Aria Calda 1102 Pi/CN Vignolo Gesso 32T 377406  4911834 140 815 Calcschist 16 Meta bourneti
Grotta A di Maometto 1576 Pi/TO San Didero Susa 32T 360570  4999097 7 421 Gneiss 6 Meta bourneti
Grotte di Napoleone 1615 - 1616 Pi/TO Borgone di Susa Susa 32T 363222  4997357 17 - 7 442 Serpentinite 12 + 6 Meta bourneti
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repetition of the measurements (“record”) and the 
spatial dependence of each sites in which we logged the 
climatic parameters (“cave”). Due to malfunction, two 
dataloggers located in Buco dell’Aria Calda and Cave 
di Marra did not provide valid records for the entire 
study, resulting in 10 and 8 valid series of data (out 
of 12 available for the other sites), respectively. Since 
temperature values during the year were normally 
distributed, we assumed a Gaussian distribution with 
an identity link function. On the contrary, relative 
humidity values were asymmetrically distributed 
(negative skewness). The relative humidity values were 
expressed as proportions within the range of 0-100%, 
and were modeled assuming a Beta distribution 
(Cribrari-Neto & Zeileis, 2010) via the glmmAMDB 
(Fournier et al., 2012) R package. The structure of the 
model was:
y ~ S x V + (1|Record) + (1|Cave)
where y = one of T° or RH. For the interaction “S x V” we 
selected “M.m/Stura-Gesso” as the reference category 
(Meta menardi sites in the Stura-Gesso valley).
RESULTS
Habitat preference of Meta menardi
During the sampling period, we observed 513 
individuals of Meta menardi, of which 428 where 
adults and juveniles and 85 were spiderlings. Over 
the year, juveniles represented two thirds of all 
specimens (66.7%). Males were rare (11.45%), with a 
sex ratio (M/F) of 0.52. Males occurred mainly during 
the warm season, between July and September, while 
immature and female individuals occurred during the 
entire sampling period. Nevertheless, the number of 
juveniles was characterized by two peaks, in spring 
and autumn. We observed the cocoon deposition 
between August and October. The spiderlings 
occurred mainly between February and April. After 
emerging, the spiderlings remained in the nearby of 
the cocoon for 1-3 months and then disappeared from 
the cave. The phases of the life cycle are summarized 
in Figure 2.
We counted 856 potential preys occurring in 
the sampling squares belonging to 31 different 
taxa. In particular: dipterans (Insecta, Diptera; 
n=371 - 43.3%), Dolychopoda ligustica (Orthoptera, 
Rhaphidophoridae; n=292 - 34.1%), Amaurobius sp. 
(Araneae, Amaurobidae; n=38 - 4.4%), Tegenaria 
silvestris (Araneae, Agelenidae; n=34 - 3.9%), Nesticus 
eremita (Araneae, Nesticidae; n=30 - 3,5%), Metellina 
merianae (Araneae, Tetragnathidae; n=23 - 2.6%), 
Pimoa rupicola (Araneae, Pimoidae; n=12 - 1.4%). The 
remaining taxa were rare (each representing less than 
1% of the total prey items) and mainly represented 
by nocturnal Lepidoptera (Triphosa spp. [Lepidoptera, 
Geometridae], Scolyopterix libatrix [Lepidoptera, 
Noctuidae]), Gastropods (Oxychilus spp. [Gastropoda, 
Oxychilidae]), Myriapods and Speleomantes strinatii 
(Amphibia, Plethodontidae). Dipterans, Dolichopoda 
ligustica, Scolyopterix libatrix and Myriapods where 
occasionally found wrapped in webs of M. menardi.
different valleys (Stura/Gesso and Susa), we included 
the variable valley (V) as a covariate. We removed two 
outliers from the dependent variable “wind speed” 
(WS) and we log-transformed (logX + 1) the variable 
“light intensity”. Collinearity among the independent 
variables was evaluated by the Pearson correlation 
test (r), and the choice of which covariates to drop was 
based on the variance inflation factors values (VIFs). 
The collinearity between continuous and categorical 
variables was graphically evaluated (boxplots). We 
related the subset of continuous (DE, WS, L, PR) and 
categorical (TP, SEA, V) explanatory variables selected 
after the data exploration to the dependent variables 
via generalized linear mixed models (GLMMs, Zuur 
et al., 2009b) in R environment (R Development 
Core Team, 2013). The mixed procedure allowed us 
to include the temporal (“Square”) and the spatial 
grouping variable (“Cave”) as random factors in a two-
nested levels random-intercept structure (Square/
Cave). Such structure allowed us to deal with repeated 
observations and measurements of the same square 
(temporal dependence) and the clumped spatial 
distribution of the squares within the cave (spatial 
dependence). Instead, the categorical variable valley 
(V) was not included as random factor, being made 
up of only two levels (Susa and Stura-Gesso). The 
structure of the general model including all the non 
collinear variables of interest was:
y ~ DE + WS + L + PR + TP + SEA + V + (1|Square/Cave)
Where y = counts of MEN or BOU. For the categorical 
variables TP, SEA and V, we selected “walls”, “autumn” 
and “Stura-Gesso” as reference category (=baseline), 
respectively.
Once we fitted the general model, we carried out 
a backward model selection (backward elimination), 
deleting one by one the variables (if any) improving 
the model after their removal. We repeated this 
process until all remaining variables were statistically 
significant. For the dependent variables (counts) 
we assumed a Poisson distribution. We tested the 
final model for overdispersion and we validated it 
following Zuur et al. (2009b). Models were fitted via 
the lme4 (Bates et al., 2013) R package. The outcome 
of the models consisted of regression coefficients for 
the explanatory variables, whose significance was 
assessed via Wald tests (Dobson, 1990).
Segregation between the two species
In order to investigate the environmental factors 
explaining the segregation of the two species, we 
compared the climatic parameters of the caves 
inhabited by the two species, using GLMMs. The fixed 
part of the models was represented by the interaction 
between the sites (S) and the valleys (V) in which the 
sites are located. For this analysis, we used a dataset 
containing the annual series of temperature (T°) and 
relative humidity (RH) logged in each cave. Given that 
we pooled together the measurements from different 
caves, we included two single-term random factors in 
order to take into account the effect of the temporal 
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and juveniles and 133 were spiderlings. Over the 
year, juveniles represented 51.7% of all specimens. 
Males were rare (7%), with a sex ratio (M/F) of 0.16. 
Males occurred, in low abundances, from August to 
December, while female and juveniles were observed 
during the entire sampling period. Cocoons were 
laid between October and November. The spiderlings 
hatched from the eggsacs between January and 
February, and assembled in groups around the 
cocoons. After 1-2 months they disappeared from the 
cave (Fig. 2).
We counted 870 potential prey occurring in the 
sampling squares, belonging to 37 different taxa. In 
particular: dipterans (n=365 - 30.1%), Dolychopoda 
ligustica (n=126 - 14.3%), Nesticus eremita (n=120 - 
13.6%), Tegenaria silvestris (n=64 - 7.2%), Oxychilus 
sp. (n=57 - 5.3%), Glomeris sp. (Diplopoda, Glomeridae; 
n=57 - 5.3%), Metellina merianae (n=50 - 5%). The 
remaining taxa were rare (each representing less than 
1% of the total prey items), and mainly represented 
by nocturnal Lepidoptera (Triphosa spp.), Gastropods 
With respect to the analysis of the environmental 
parameters influencing the abundance of each species 
within the cave, Poisson models were fitted since 
the ratio between observed and theoretical variance 
approached the unit value assumed by the Poisson 
distribution. After model selection, according to the 
most appropriate model (Table 2) the total number 
of individuals was found to increase significantly 
inversely to distance from the entrance (within the 
range of occurrence of the species 1-40 m; DE: Estimate 
β: -0.1308, SE: 0.0216, p<0.01**) and positively 
with the increase in number of potential preys (PR: 
Estimates β: 0.0390, SE: 0.0113, p<0.01**). The total 
number of individuals was also found to decrease in 
the squares placed on the floor with respect to the 
reference category (wall) (TP_R: Estimate β: -1.8090, 
SE: 0.6012, p<0.01**) (Fig. 3a).
Habitat preference of Meta bourneti
During the sampling period, we observed 464 
individuals of Meta bourneti, of which 331 were adults 
Fig. 2. Summary of the main stages of the life cycle of Meta menardi and M. bourneti in the study area.
Final model Variables Estimate β SE z p
MEN ~ DE + PR + TP + (1|Square/Cave)
Overdispersion parameter = 0.96 Intercept   0.3833 0.3206 - -
DE - 0.1308 0.0216 - 6.03 0.00**
PR   0.0390 0.0113   3.44 0.00**
TP ( R )   0.4357 0.3478   1.25 0.21
TP ( F )  - 1.8090 0.6012 - 3.00 0.00**
BOU ~ DE + PR + SEA + TP + (1|Square/Cave)
Overdispersion parameter = 0.90 Intercept   0.5358 0.2795 - -
DE - 0.1867 0.0419 - 4.45 0.00 **
PR   0.0384 0.0208   1.84 0.06 (*) 
SEA ( Sp )   0.1239 0.1455   0.85 0.39
SEA ( Su ) - 0.5621 0.1743 - 3.22 0.00 **
SEA ( Wi ) - 0.0766 0.1528 - 0.50 0.61
TP ( R ) - 0.9557 0.4454 - 2.14 0.03 * 
TP ( F ) - 1.2625 0.4541 - 2.78 0.00 **
Table 2. Estimated Poisson regression parameters according to GLMMs. 
The final model structures are reported. MEN = counts of males, females 
and juveniles of Meta menardi; BOU = counts of males, females and 
juveniles of M. bourneti; DE = distance from the cave entrance (m); 
PR = counts of potential prey; SEA = season (categorical variable: 
Au = autumn; Wi = winter; Sp = spring; Su = summer); TP = structural 
type of the square (categorical variable: W = wall; R = roof; F = floor). 
Significance codes: * 0.05; ** 0.01.
(Helix pomatia [Gastropoda, Helicidae], Limax 
subalpinus [Gastropoda, Helicidae]), spiders 
(Pholcus phalangioides [Araneae, Pholcidae], 
Leptoneta crypticola [Araneae, Leptonetidae], 
Pimoa rupicola) and Myriapods. The most 
represented arthropods found wrapped in webs of 
M. bourneti were Glomeris sp. (for which we also 
observed three predations), Metellina, Oxychilus 
and Euscorpius sp. (Scorpiones, Euscorpidae).
According to the most appropriate model 
explaining the habitat preference of Meta bourneti 
(Table 2), in the range of occurrence of the species 
the total number of individuals was found to 
increase significantly inversely to distance from 
the entrance (DE: Estimate β: -0.1867, SE: 
0.0419, p<0.01**) and positively with the increase 
of potential prey (PR: Estimates β: 0.0384, SE: 
0.0208, p= 0.06[*]), although this trend was weakly 
significant. Regarding the preference in term of 
structural typology, we found less individuals 
on roofs and floors with respect to the reference 
category (wall) (TP_R: Estimate β: -0.9557, SE: 
0.4454, p<0.03*; TP_F: Estimate β: -1.2425, SE: 
0.45411, p<0.01**). Moreover, counts were lower 
during the summer season with respect to the 
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two valleys with respect to the baseline (sites of M. 
menardi in the Valle Stura/Gesso) (Fig. 4a). The same 
interaction was also significant for the temperature 
model (Estimates β: -2.4957, SE: 1.0190, p<0.05 *), 
with the caves inhabited by M. menardi with lower 
median temperature values with respect to the 
reference category (Fig. 4b).
DISCUSSION
Habitat preference within the cave
Besides the preference for caves and other 
subterranean habitats like cellars and mines, little 
is known about the ecological requirements of M. 
bourneti. The ecology of M. menardi, instead, is 
documented in Bourne (1976, 1977), Smithers 
(2005a, 2005b), Ružička & Klimeš (2005) and Novak 
et al. (2010).
On the base of personal observations, Gasparo & 
Thaler (2000) pointed out that the ecology of the two 
species should be somehow similar. Our analysis of 
the abiotic and biotic factors driving the abundance 
of both species within the cave seems to confirm 
this hypothesis, showing for both species a clear 
preference for the cave walls closer to the entrance, 
with higher prey availability. Despite the fact that 
M. menardi has been occasionally recorded in the 
reference category (Autumn) (SEA_Su: Estimate β: 
-0.5621, SE:  0.1743, p<0.01**) (Fig. 3b).
Comparison between sites inhabited by Meta 
menardi or M. bourneti
From a climatic point of view, the yearly ranges of 
the parameters in two out of three sites inhabited by 
Meta menardi sites were similar (Cave di Marra: mean 
annual temperature ±SD = 9.63±1.29; mean annual 
relative humidity (%) ±SD = 98.23±1.99; Grotta del 
Bandito: 9.74±2.64; 99.42±0.58). The mean annual 
temperature in Balma Fumarella site was higher, with 
a broad variability during the year (10.45±4.29). In all 
caves the relative humidity never dropped below 80%. 
On the other hand, the four caves inhabited by M. 
bourneti were characterized by higher mean annual 
temperature and lower relative humidity (Buco dell’Aria 
Calda: mean annual temperature ± SD = 15.44±3.64; 
mean annual relative humidity % ±SD = 94.40±11.52, 
Grotta A di Maometto: 11.58±4.84; 93.09±7.92, 
Grotte di Napoleone: 12.44±4.54; 96.31±3.31). The 
climatical differences between sites inhabited by the 
two species were confirmed statistically. In particular, 
the interaction (“Site x Valley”) was positive and 
significant for relative humidity (Estimate β: 0.2949, 
SE: 0.1010, p<0.01**), with M. menardi sites showing 
higher median humidity over the year within the 
Fig. 3. Predicted abundances of a) Meta menardi (M. m.) and b) M. bourneti (M. b.) in relation to the distance from the cave entrance and the 
presence of potential prey items, by the factor typology of the square (wall, roof, floor) according to GLMMs. The predicted values for M. bourneti 
are obtained setting the season factor (SEA) equal to the baseline (Autumn).
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to the combined way of hunting in webs and on walls 
that typify both M. menardi (Eckert & Moritz, 1992; 
Smithers, 1996, 2004, 2005a) and M. bourneti (Vadell, 
2003). A similar relation between spiders and large 
aggregations of prey has also been observed in North 
America for M. ovalis (Yodel et al., 2010). Furthermore 
Ficetola et al. (2012) proposed the abundance of M. 
menardi to be a proxy of the availability of prey items 
in the cave environment.
Regarding the structural typology of the squares, M. 
menardi showed a clear preference for walls and roofs, 
while floors were avoided. A similar trend was reported 
by Bourne (1976; 1977). M. bourneti also preferred 
walls, but, on the contrary, counts of M. bourneti were 
lower on roofs and floors. It is likely that, at least in 
our study, floors were not suitable in terms of prey 
availability. Moreover Eckert & Moritz (1992) and 
Smithers (1996) noticed that M. menardi attaches the 
web radii directly to the walls. In this sense, lacking 
three-dimensionality for building the orb-web, floors 
are generally avoided. On the other hand, M. bourneti 
seems able to colonize floors occasionally (Fig. 3a, 3b). 
According to our results, cave roofs seem unfavorable 
to M. bourneti especially during the warm season. 
This effect can be related to the warming of the higher 
air parcels, “trapped” in the upper parts of galleries 
during the warm season (Badino, 2004, 2010).
At the same time, we observed a significant effect of 
the seasonality for M. bourneti. During summer, we 
observed very few individuals, while the abundance 
of spiders was almost constant during the rest of the 
year. It seems likely that the summer drop of counts 
of M. bourneti is related to the increase of the daily 
temperature occurring in the vicinity of the entrance 
(indeed during the summer season, temperature at 
Buco dell’Aria Calda got over 20°C). At the same time, 
we observed several individuals deeper inside the cave, 
out of the range of our sampling squares, where the 
environment is buffered from the climatical variability 
of the outside. Similarly, Gasparo & Thaler (2000) 
deep zone (Väisänen, 1983; Smithers, 1995), we 
statistically confirm that both species prefer the 
cave entrance. A similar preference was observed for 
M. menardi in various subterranean environments 
(Bourne, 1976; Smithers, 1995; Gasparo & Thaler, 
2000; Lana, 2001, among others). In a recent study 
set in Slovenia, M. menardi was reported from 0 to 
69 m up into the deep zone (Novak et al., 2012). In 
our study area the number of spiders of both species 
drastically decreased after 10-12 m from the cave 
entrance. A possible explanation for this is found in 
the reproductive strategy of both species. Females 
always lay the cocoon in the twilight zone (indeed we 
never recorded egg sacs over 10 m into the interior), 
watching over it until the hatching (Hörweg et al., 
2011). Moreover, the twilight zone is also a favorable 
position for the spiderlings. As Smithers & Smith 
(1998) demonstrated, spiderlings emerging from 
cocoons display a positive phototaxis while adults 
are repulsed by light. Moving towards light, the 
spiderlings are able to leave the cave and disperse 
by ballooning (epigean eco-phase; Smithers, 2005b).
Both species seem also able to exploit the high 
availability of prey that characterize the cave entrance 
zone. It is generally accepted that the availability, 
abundance and typology of food resources play 
a fundamental role in hypogean oligotrophic 
environments (Culver, 1982). The link between 
the twilight zone and the external world (epigean/
hypogean ecotone) enhances the movement of 
occasional prey into the cave (Prous et al., 2004; Tobin 
et al., 2013). Deeper inside, caves may host troglobite 
and troglophile species (sensu Sket, 2008), that may 
occasionally represent prey items for Meta spiders 
(Smithers, 2005a; but see Slay et al., 2009). On the 
contrary, in the vicinity of the cave entrance occasional 
prey from outside are potentially available throughout 
the year (Prous et al., 2004; Smithers, 2005a; Novak et 
al., 2010; Tobin et al., 2013). These prey items can be 
efficiently exploited (Smithers, 1996, 2005a) thanks 
Fig. 4. Boxplot showing the difference in term of a) moisture and b) temperature between cavities inhabited by Meta menardi (M. m.) and by  
M. bourneti (M. b.) in the two valleys (Stura/Gesso and Susa). Outliers are defined as values outside the interquartile range.
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apparently excluded. A conditional differentiation 
(Amarasekare, 2003) is therefore observed, with one 
species (M. menardi) more competitive in one set of 
environmental condition (narrow ranges of cooler 
temperature and higher relative humidity). In this 
scenario, the presence of M. bourneti in Western 
Italian Alps, where most caves are cool and humid, 
represents a faunistic peculiarity, being apparently 
limited to few caves where the conditions are 
unfavorable to M. menardi. On the contrary, in 
areas with an unsuitable climate for M. menardi, 
M. bourneti becomes the best competitor within the 
cave. Such argumentation seem to explain why M. 
bourneti gradually becomes more frequent and M. 
menardi rare with decreasing latitude, as observed 
by Brignoli (1971) in Italy. Similarly, in north-
eastern Spain M. bourneti is preferably found in 
caves below 900 meters a.s.l., while M. menardi is 
found mainly above 900 m a.s.l., in the Pyrenean 
region (Ribera, 1978).
Milner (2013) recently reported an interesting 
distributional scenario for the London area, where 
the records are clearly divided into those north (M. 
bourneti), and those south (M. menardi) of the river 
Thames, apparently very similar from a climatic 
perspective. In view of our result, it seems likely 
that, due its larger ecological plasticity (cf. also 
Tatole, 2005), M. bourneti should have colonize all 
suitable sites not previously occupied by M. menardi. 
According to such plasticity, the hypothesis of 
Browning & Tams (1944) and Gasparo & Thaler 
(2000) about the importation of M. bourneti in the 
UK seem convincingly supported. 
Notes on the life history
Climatic and microclimatic differences also 
represent an important factor explaining the 
seasonal shifts of the phenology of the two species 
(cf. Fig. 2). In particular, we detected a shift in the 
time of laying and hatching of the egg sac. While 
Meta menardi laid the cocoon earlier in the season 
(August-October versus October-November for M. 
bourneti), the spiderlings of M. bourneti hatched 
and dispersed earlier (January-February versus 
February-April). The earlier emigration of M. 
bourneti from the cave can be related to the shorter 
duration of the cold season in the south-facing 
slopes.
On the base of our observations and in accordance 
with literature (Tercafs, 1972; Pennington, 1979; 
Smithers & Smith, 1998; Smithers, 2005; Hörweg 
et al., 2011), we report the life cycle of M. menardi 
and M. bourneti in Fig. 6. However, further studies 
focusing on the life cycle of M. bourneti are needed 
in order to confirm the epigean ecophase of this 
species.
CONCLUSIONS
Meta menardi and M. bourneti share most of 
their ecological requirements and show similar life 
cycles. According to our results, cave walls closer 
to the entrance with high prey availability provide 
observed for M. menardi some seasonal migrations 
of single individuals deeper inside the cave. Spatial 
migrations to face seasonal microclimate changes 
are also reported in Růžička & Klimeš (2005) and 
Lunghi et al. (2014). Despite the lower number of 
observations, we hypothesize a similar behavior for M. 
bourneti. In order to face the climatical fluctuations 
of the twilight zone in summer, spiders may also 
move into the cooler deeper fissures of the cave 
(more stable in terms of temperature fluctuation; 
Badino, 2010) resulting in a lower probability of 
being observed.
Niche differentiation
As previously discussed, factors affecting the 
abundance of the two species within the cave seem to 
be very similar. Still the question remains why the two 
species have never been found in syntopy (Brignoli, 
1972; Brignoli, 1978; Ribera, 1978; Gasparo & 
Thaler, 2000; Milner, 2013). Thanks to ballooning, 
Meta spiders could virtually colonize hypogean 
habitats that are far apart from each other. In both 
Susa and Stura/Gesso valleys, caves inhabited by 
Meta menardi and M. bourneti are very close to each 
others, but we never observed the species inhabiting 
the same cave.
Our study seems to confirm that the main factor 
inhibiting the co-occurrence of the two species 
is indeed related to the cave microclimate. More 
specifically, M. bourneti seems to tolerate a higher 
microclimatic variability, while M. menardi seems to 
be adapted to narrow ranges of cooler temperature 
and higher relative humidity. Consequently, we 
argue that M. menardi is more stenoecious than 
M. bourneti. Considering the preferred ranges 
of temperatures and relative humidity, the co-
occurrence seems possible in a narrow window of 
values (Fig. 5). Given the same habitat requirements 
(i.e. selection of areas nearby the entrance with 
higher prey availability), the competition between M. 
menardi and M. bourneti hypothesized by Brignoli 
(1972) seems to occur: in caves that are suitable for 
both species (temperature 10-12.6°C and relative 
humidity 97.5-100%; Fig. 4a, 4b, 5), M. bourneti is 
Fig. 5. Diagram showing the range of temperature and relativity 
humidity in which Meta menardi and M. bourneti occurs in the 
investigated caves. The optimum range of occurrence of the two 
species is obtained from the lower and the upper quartiles of the 
boxplots reported in Fig. 4, while the total range goes from the 
minimum to the maximum value (outlier excluded). The potential 
range of co-occurrence is obtained by the overlapping of the two 
optimum ranges of occurrence.
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III
This book concerns the issues that relate to the special problems of living on karst lands, 
managing them, and preserving their integrity, as well as mitigating their hazards. With 
21 chapters written by leading authorities in the field, and well illustrated with photos 
and diagrams, this is one of the few books on the subject and is the most comprehensive. 
It is a nice complement to the several more specialized books on karst hydrology, 
geomorphology, and engineering, such as those by Ford and Williams, Milanović, and 
Kresic. Each of the 25 authors is a well-known specialist who brings together concepts, 
field examples, and practical applications and who can supply a global perspective.
The book is divided into four parts: (1) problems of living on karst, (2) impacts on 
underground resources; (3) water supply and disturbance of subterranean species; and 
(4) examples of karst protection and enhanced public awareness. Specific chapters cover 
engineering issues (e.g., dams and reservoirs, land subsidence, risk assessment), human 
disturbance and sustainability, agricultural practice, subterranean biota, geoarcheology, 
management of caves and carbonate aquifers, role of karst research institutes, and public 
policy. Some chapters are devoted specifically to case studies, including the UNESCO 
World Heritage Sites devoted to karst, the cockpit country of Jamaica, Canada’s Nahanni 
National Park, and protection of karst landscapes in the developing world. The authors 
emphasize that remedies to karst problems are difficult and are often applied only as 
a poor afterthought. Reasons include the “hidden” nature of karst and its tendency to 
overlap with poverty and overpopulation, accentuated by poor soil and water resources. 
Even those who are familiar with karst will find much useful information in this book, 
such as the case histories and the specific guidelines for anticipating and remediating 
karst problems. Although the book is not designed to provide uniform global coverage, 
it contains abundant international perspectives and literature references, with authors 
who represent many of the classic karst regions of the world. Overall the text is well 
written and even the few technical parts are easily understood. 
Anyone faced with the task of protecting karst resources will appreciate its guidance. 
This is especially true for those who have never before encountered karst in their work 
and are concerned about how to avoid its special problems – or more likely, how to 
recover when things go wrong. This book contains many well-documented and curious 
field examples, which offer plenty of warning to those who overestimate their professional 
skills. Science is held at too great a distance from politics and public awareness, and 
this book’s thorough and common-sense approach to karst management should help to 
bridge this gap.
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